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ABSTRACT
Palmer, Abigail Jo. Mercury-Mediated Cyclization of 2-Isoxazolines. Unpublished Master of
Science thesis, University of Northern Colorado, 2022.
The isoxazoline ring has been utilized in many therapeutic agents. For example, it is the
key structure in ISO-1, an anti-inflammatory agent with unique anti-Type 1 diabetes activity.
There are two primary methods used for the synthesis of isoxazolines: transition metal free
cycloadditions and transition metal-mediated cycloadditions and cyclizations. Most transition
metal-mediated syntheses employ the use of palladium, gold, silver, or copper complexes as
catalysts. The syntheses often require long reaction times and result in low yields with many
impurities. In general, mercury-mediated syntheses typically have shorter reaction times and
result in products with higher purity. This research investigated the methodological manipulation
of four variables for five ortho- and para-substituted oximes in an effort to find the best method
to prepare an isoxazoline from a β,γ-unsaturated oxime via a mercury-mediated cyclization.
Steric hindrance and electronic effects were observed over the course of the four-step synthetic
process. Steric effects were most pronounced in the oximation and cyclization reactions using
ortho-methyl and ortho-methoxy substituents. The most successful conditions for the cyclization
of oximes were a reaction time of 30 minutes in dichloromethane at room temperature. Mercuric
acetate was used in a 1:1 molar ratio with the oxime and resulted in very high yields with
minimal byproducts. Catalytic quantities of mercuric acetate were used to show dimerization.
The reaction and subsequent 2-isoxazoline were not heat, time, or air sensitive.
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CHAPTER I
INTRODUCTION
Five-membered heterocyclic rings are a large and diverse class of molecules. The focus
of the present work is the rings which contain nitrogen and oxygen. Several molecules that are
included in this class are listed in Figure 1.1. Isoxazoles (aromatic) and isoxazolines (containing
only 1 unsaturation unit) are well-studied. These are known to have a high biological impact
which drives significant research interest. Isoxazolines are key structures in many potential
pharmaceutical agents including anti-inflammatories, anti-cancer agents, anti-fungals,
antibacterials, antitubercular agents, and antimalarials (Bernal et al., 2020; Deshmukh et al.,
2018; Kalaria et al., 2014; Majumdar et al., 2015; Pratap et al., 2019; Wang et al., 2009). In fact,
many drugs on the market today (Figure 1.2) employ these backbones including afoxolaner, ISO1, and sarolaner (Miglianico et al., 2018; Stojanovic et al., 2008; Zhou et al., 2021).
Figure 1.1
Common Heterocyclic Rings

2

Figure 1.2
Pharmaceutical Uses of Isoxazolines

Afoxolaner is used as an ectoparasiticide in humans, ISO-1 is a macrophage migration
inhibitory factor antagonist for the prevention of type 1 diabetes, and sarolaner is an
ectoparasiticide for dogs.
The position of the unsaturation unit dictates the specific nomenclature as shown in
Figure 1.3. Of note, the nomenclature of isoxazolines has changed slightly over the years, also
seen in Figure 1.3.
Figure 1.3
Isoxazoline Numbering and Nomenclature
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While numerous protocols to prepare the 5-membered ring have been introduced in the
last hundred years, two remain dominant – metal-free and transition metal-mediated. The most
common transition metal-free synthesis is the 1,3-dipolar cycloaddition. The dipole in this
reaction is a zwitterion that is spread out over a three-atom system. The dipolarophile, typically
either an alkyne or alkene, interacts with that dipole and is typically an electron poor system. The
key outcome of this reaction is typically a mixture of products based on the orientation of the
dipole with the dipolarophile. A general form of this reaction using an azide dipole is shown in
Figure 1.4, after the work of Rolf Huisgen in 1963 (Huisgen, 1963).
Figure 1.4
1,3-Dipolar Cycloaddition of Huisgen

In another example, Tangallapally and co-workers synthesized an anti-tuberculosis agent
via the nitrile oxide cycloaddition shown in Figure 1.5 (Tangallapally et al., 2007). In this
reaction, the nitrile oxide zwitterion is made in situ by the dehydrohalogenation of a chlorooxime.
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Figure 1.5
Synthesis of an Isoxazoline Containing Antitubercular Drug

Isoxazolines are also useful intermediates or reactants in the synthesis of pharmaceuticals
such as the antitumor drug synthesized by Shi and co-workers shown in Figure 1.6 (Shi et al.,
2012). The synthesis of the 2-isoxazoline produces the precursor for the synthesis of a diamide.
The nitrile oxide is made in situ by first forming the chlorooxime from N-chlorosuccinimide and
the oxime, and then dehydrohalogenation using the pyridine base.
Figure 1.6
Synthesis of Diamide from Isoxazoline

Palladium, gold, silver, platinum, and copper complexes have been used frequently in the
synthesis of isoxazolines. The oxidation states and geometry in which ligands will bind can
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influence stereo- and regiospecificity during the synthesis. This influence often cannot be
duplicated in metal-free environments.
In many of the isoxazoline cyclizations and cycloadditions, a few common themes arise;
a lack of control of the regioselectivity and stereoselectivity results in the formation of
byproducts and harsh conditions make the reactions impractical. While transition metal catalysis
can provide some relief, these catalysts can be difficult to obtain and store. In addition, the
transition metal-assisted and metal-free reaction conditions are often harsh, making industrial
application difficult. These conditions include extremely hazardous compounds, elevated
temperatures or, more commonly in metal-free syntheses, the use of strong bases. Transition
metal catalysts can be air-sensitive and certain solvents are difficult to work with.
Mercury has been used to mediate reactions for decades. Its use as a catalyst in recent
years has increased. These reactions are typically done under somewhat harsh conditions. For
example, Figure 1.7 shows a mercury cyclization to form an oxane ring system under high
pressure and excess base (de Koning et al., 1997).
Figure 1.7
Mercury Cyclization Under High Pressure and Base

Given the versatility of mercury as a mediator of organic reactions, and the lack of its use
in the formation of the isoxazoline ring system, this project explored the use of mercury as a
catalyst and a mediator in the isoxazoline cyclization of an unsaturated oxime. Side reactions
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were an area of concern, and therefore used as a metric to assess the success or failure of the
reaction. Previous research was done solely on para- substituted arenes. Electronic effects were
expected to have the greatest impact on the reactivity of smaller molecules due to the proximity
of electron-donating or withdrawing groups to the reaction center. In particular, substituents
located at either the ortho- or para- positions were used to explore the electronic effects. In
addition, steric effects were also explored presenting another critical factor in control of the
cyclization products.
Through this research, a methodology was devised for the mercury-mediated cyclization
of β,γ-unsaturated oxime to 2-disubstituted isoxazolines. The cyclization was not time, heat, or
air sensitive allowing for a rather simple synthesis. Quantitative percent conversion was achieved
to the desired isoxazoline. However, failed attempts were made to remove the mercury in situ
from the product answering the question of whether or not the mercuric acetate was acting as a
catalyst. The cyclization procedure sets precedence for the valuable nature of mercury chemistry
and further development of syntheses for large scale pharmaceutical applications.
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CHAPTER II
REVIEW OF LITERATURE
Transition Metal Free Synthesis of Isoxazolines
In current literature, there are two main synthetic pathways to forming isoxazolines;
transition metal free and transition metal mediated. Methods that involve catalysis with transition
metals are far greater in number, and are far more studied, than transition metal free methods.
However, metals are not always the most beneficial to use in the synthesis of isoxazolines.
The research into forging completely organic pathways to the isoxazoline structure was
due to a need for less expensive and less sensitive catalysts (Dutta et al., 2019). Some transition
metals can be highly reactive with air or water. Others can be difficult to remove from the
product as they can form tightly bound complexes. For these reasons and known health
complications from chronic exposure, the synthetic methodologies that didn’t use metals have
become more plentiful in the literature.
1,3-Dipolar Cycloaddition
Synthesis of Isoxazolines
Between 2000 to 2010, a class of reactions labeled a 1,3-dipolar cycloaddition were
extensively researched, pushing previous methods aside. Closely related to the Diels-Alder
cycloaddition, the cycloaddition in question involves a nitride group to cyclize in an
intermolecular fashion onto an existing molecule or substrate. This mechanism has been around
for decades, first published by Rolf Huisgen. As mentioned in the introduction, his published
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synthesis using his 1,3-dipolar cycloaddition used azides as seen in Figure 2.1 (Huisgen, 1963).
Since the discovery, this synthetic pathway has been of interest for the synthesis of isoxazolines.
Figure 2.1
Huisgen 1,3-Dipolar Cycloaddition Using Azides and Alkynes

A study done by Machetti and co-workers performed 1,3-dipolar cycloadditions to afford
tri-substituted isoxazolines (Machetti et al., 2007). A general reaction for their procedure can be
seen in Figure 2.2. The alkene contained R’ and R’’. Cycloaddition between the charged species
and the alkene occurs followed by the removal of the oxygen with the base. The use of bases and
alkenes to synthesize isoxazolines is continued through literature as one of the most efficient
methods.
Figure 2.2
General Reaction for a Tri-Substituted Isoxazoline Using Nitro Groups

While the formation of a nitrile oxide as an intermediate for the formation of isoxazolines
was known years before, research regarding the specific oxidation to this intermediate became
popular around 2010. The oxidizing agent to aid in a cascade reaction was of interest to
Mendelsohn and co-workers (Mendelsohn et al., 2009). An example of the tandem reactions the
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researchers studied is shown in Figure 2.3. The hypervalent iodobenzene diacetate (DIB)
oxidizes the benzene and aids in the tandem reaction.
Figure 2.3
Tandem Reaction for the Production of Isoxazolines

In 2018, Park and co-workers devised another cyclization process using hypervalent
iodo-species. In this work, phenyliodine(III) diacetate (PIDA) was employed alongside the
Lewis acid boron trifluoride etherate (BF3OEt2). While the product was made in moderate yield,
the R-group heavily effected the percent yield. Only electron withdrawing groups on the phenyl
ring or electron-deficient aryl substituents were able to be used in the cyclization. The general
reaction is seen in Figure 2.4 (Park et al., 2018).
Figure 2.4
Oxime Cyclization Using (Diacetoxyiodo)benzene (PIDA) and a Lewis Acid

There are two primary mechanisms a β,γ-unsaturated oxime will follow for a cyclization.
The ability for further cyclizations and the addition of functional groups can be easily achieved
using the highly reactive radicals. Han and co-workers captured the radical produced on the
terminal carbon after the cyclization step (Han et al., 2012). Using diethyl azodicarboxylate
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(DEAD) as the radical initiator in the oxime and 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)
as the radical trapper on the terminal carbon, good yield and purity was achieved via this radical
cyclization. The desired product in the synthesis can be seen in Figure 2.5. Using only TEMPO
gave the desired product but significantly decreased yield. Using DEAD alone gave the expected
product in good yield. The use of both gave the desired product in good yield.
Figure 2.5
Radical Cyclization Using Diethyl azodicarboxylate (DEAD) and
(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO)

Zhao and co-workers used Selectfluor [1-chloromethyl-4-fluoro-1,4diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate)] as a fluorinating agent under mild conditions
(Zhao et al., 2017). Unlike a particularly large number of synthetic routes, this did not involve
any coupling or cycloaddition, instead a radical pathway was used. Selectfluor was used to
stabilize the radical formed on the terminal alkene allowing cyclization to occur and the
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attachment of fluorine. The overall reaction can be seen in Figure 2.6a and the possible radical
mechanisms in Figure 2.6b.
Figure 2.6a
Oxyfluorination of Oximes in Optimum Conditions

Figure 2.6b
Possible Radical Pathway

Most recently, Mondal and co-workers describe a pathway in which a 1,5-hydrogen atom
transfer is paired with various oxidants to produce good yield and selectivity of various
isoxazolines (Mondal et al., 2021). The radical initiator (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
(TEMPO) is employed. Separation of isomers is a challenging component of these cyclizations,
this method claims to have mediated this problem. Figure 2.7 shows the reaction in which two
different derivatives of isoxazolines are produced.
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Figure 2.7
Radical Reaction for Two Isoxazoline Derivatives

A recent expansion in the metal-free synthesis of isoxazolines is the use of electrooxidative processes. Selenylated isoxazolines were synthesized using a carbon cathode and
platinum anode under constant current to achieve good yield. Thioisoxazolines were generated in
the same way but with lower yields. Figure 2.8 shows the selenylated and thioisoxazolines
synthesized. Because the electrochemical process could go through a radical pathway, the idea
was investigated with the addition of TEMPO. The desired product reduced to just trace amounts
with the TEMPO-bound isoxazoline predominating. This strongly suggested a radical pathway
(Mallick et al., 2020).
Figure 2.8
Electro-Oxidative Cyclization to Selenylated and Thioisoxazolines
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The previous example required a strong oxidizer, lithium perchlorate. To retain the use of
electrochemical processes without the use of a strong oxidizer, Mallick and co-workers devised a
synthetic route using a carbon cathode and nickel anode, a strong electrolyte, and mixture of
solvents. Figure 2.9 shows the synthetic conditions used to produce the isoxazolines in good
yield. This reaction could be scaled up easily (Mallick et al., 2020).
Figure 2.9
Electrochemical Cyclization to Selenylated Isoxazolines

The most common reaction utilized for the synthesis of isoxazolines is the 1,3-dipolar
cycloaddition. While being quite effective and mostly efficient, the reaction rarely has good
regioselectivity and lacks stereoselectivity. Various coupling reactions have followed suit in
search of solving the problems associated with this classic cycloaddition. Researchers in the
early 2000s began to realize the importance of a stable nitrile intermediate and what this could do
for the effectiveness of the reaction. Reactions based on this stability idea prevailed until very
recently. The push for cleaner environments and reactions have put pressure on researchers to
“clean up” the synthesis of isoxazolines as the current procedures are quite costly to the
environment and could be considered toxic to humans. This is particularly important when
suggesting these compounds be used as backbones for different drugs or drug delivery. At this
same time, intramolecular reactions and radical reactions have emerged as alternatives to the
typical coupling offering more regioselectivity and stereoselectivity.
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Transition metal free reactions are quite useful in terms of the environmental and
industrial applications as safety concerns are far less of a threat. However, there are some
advantages that are not, and cannot, be accomplished without the use of transition metals. While
these reactions have the possibility to be more environmentally conscious, the utility of transition
metals in selectivity and milder reaction conditions are not achievable through solely organic and
main group elements.
Transition Metal Mediated
Synthesis of Isoxazolines
Transition metal catalysts have been around since the early 19th century. A particularly
great emergence came in the early 20th century when Sabatier and Sanderens showed nickel
could be used to produce methane (Sabatier & Senderens, 1902, as cited in Fechete, 2016). Once
this was shown to work, many other researchers began experimentation on many other transition
elements including palladium, platinum, gold, silver, and mercury. The benefits of using these
metals and metal ions as mediators of the reaction include the ability to donate and accept
electrons through the d-shell, ability to easily change their oxidation state, and their effect on the
reactivity of ligands.
The direct oxidation of oximes is a common transition metal catalyzed process for the
formation of isoxazolines. Specifically, an oxidizing agent will produce the desired isoxazoline
in good yield if the substrate contains an oxime and an unsaturated unit, such as an alkene or
alkyne. Commonly used oxidants include Ag2O, Pb(OAc)4, and MnO2 (Just & Dahl, 1968;
Kamimura et al., 2016; Kiegiel et al., 1999). Manganese oxide has been thoroughly studied due
to its desirable attributes. The addition of harsh bases has been a point of concern, which MnO2
does not require. This catalyst can easily be run under mild conditions as well. Bhosale and co-
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workers utilized CrO2 reaction seen in Figure 2.10. They chose this reagent to explore the
properties of chromium as a catalyst (Bhosale et al., 2009).
Figure 2.10
Oxidation of Oxime to Isoxazoline with Chromium(IV) oxide (CrO2)

As was previously discussed, hypervalent iodine reagents (HIR) are commonly used in
metal-free syntheses. Yang and co-workers used a copper catalyst with an HIR to cyclize a β,γunsaturated oxime (Yang et al., 2020). While most catalysts attack the oxime directly, here the
copper catalyst cleaves the I-O bond that initiates the formation of a radical in the oxime. The
reaction had high functional group tolerance and good yields. Figure 2.11 shows the cyclization
using the copper catalyst and HIR.
Figure 2.11
The use of Hypervalent Iodine Reagents (HIR) in copper-catalyzed cyclizations

Palladium has been extensively studied as a catalyst for the formation of an isoxazoline
as high pressure and temperature conditions are not necessary. Zhu and coworkers evaluated the
mechanism of the palladium-mediated cyclization (Figure 2.12) through the use of labelled
oxygen as a re-oxidant. The reaction employed a palladium catalyst under very mild conditions.
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The researchers were able to successfully devise a strategy via addition and reductive elimination
for the isoxazoline product (Zhu et al., 2010).
Figure 2.12
Synthesis of Isoxazolines via Palladium Catalyst at 1atm

Manipulating reaction conditions can completely change the product formed. Li and coworkers found the cobalt-catalyzed cyclization of a β,γ-unsaturated oximes to isoxazolines to be
dependent on the reaction conditions (Li et al., 2013). When the reaction was run with toluene
and molar excess 1,4-cyclohexadiene (CHD), the reduction product was created. However, using
isopropanol and less than one molar equivalent of tert-butyl hydroperoxide (TBHP), the
oxidative product was formed. Both products were synthesized in good yields. Figure 2.13 shows
the reaction conditions and subsequent products formed.
Figure 2.13
Cobalt-Catalyzed Cyclization Using Two Different Conditions
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Azide-based compounds are fantastic labeling agents for various biological materials
(Gartner, 2003). The same copper acetate catalyst used by Zhu, Yu, and coworkers (2014) was
combined with a sodium acetate base and a source of the azide to form the substituted
isoxazoline (Zhu, Yu et al., 2014). The reaction did not require the use of harsh conditions or
extreme bases to push the reaction to completion.
Figure 2.14
Copper-Catalyzed Radical Synthesis of Azide-Containing Isoxazoline

5-Halomethylisoxazolines have important use in further cyclizations or additions of other
functional groups. The formation of 5-halomethylisoxazolines, however, is notoriously quite
difficult. The usual method is through 1,3-dipolar addition with the use of strong bases or with
large excess of the halogen source. The example above is an example of the copper-catalyzed
reaction that drove Li and co-workers to question whether a similar method could be used to
synthesize 5-halomethylisoxazolines (Li et al., 2019). Using copper(II) triflate and one of diethyl
bromomalonate, N-chlorosuccinimide, or N-iodosuccinimide, the 5-halomethyl isoxazolines
were produced in good yield. Figure 2.15 shows the halogenation cyclization reactions.
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Figure 2.15
Synthesis of 5-Halomethyl Isoxazolines

Attaching a cyanide group to an isoxazoline was of interest to Wang and co-workers
(Wang et al., 2018). Stabilized radicals are among the most common species to utilize given the
ability to control the production of side-products as well as the reactivity. While non-stabilized
radicals seem to be counterintuitive, the increased reactivity is desirable. In the case of the
synthetic process being researched, the reactivity of the non-stabilized radical made the addition
of the cyanide group possible. Figure 2.16 shows the general reaction given the ruthenium
catalyst. The researchers do mention the catalyst likely had little to do with the radical formation.
The creation of the radicalized oxime group by the tert-butyl nitrite causes the cyclization to the
isoxazoline. The isoxazoline radical forms a terminal oxime group which is then catalyzed by the
ruthenium catalyst to substitute the nitrile group. This happens to be one of the few transition
metal-catalyzed reactions that relies on the catalyst for only a small part of the synthesis, instead
of the sole reason the reaction progresses.
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Figure 2.16
Ruthenium Catalyzed Addition of a Cyanide Group, RI, II, III Primarily Hydrogen

An important aspect of synthesis is the ability to scale up. Many new or exploratory
syntheses are done at milligram or smaller scales. The cyclization and cyanation reaction
reported by Meng and co-workers was completed in gram-scale quantities under mild conditions
(Meng et al., 2017). Unlike the above example, this research was focused on the cyanide group
attaching to a primary instead of tertiary carbon. The cyclization using copper nitrate trihydrate
and trimethylsilyl cyanide can be seen in Figure 2.17.
Figure 2.17
Cyclization and Cyanation of β,γ-Unsaturated Oximes

Thiocyanation of oximes is similar to that of cyanation. Attaching thiocyanate groups off
a primary carbon was the goal of the research proposed by Ji and co-workers (Ji et al., 2017). Via
a radical reaction, iron(III) chloride and potassium persulfate catalyze the cyclization reaction of
oximes to isoxazolines as seen in Figure 2.18.
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Figure 2.18
Cyclization and Thiocyanation of β,γ-Unsaturated Oximes

Gold complexes have the capability to tolerate many different functional groups on the
substrate. Research by Jimoh and co-workers employed a diazonium salt as an electrophile. A
gold catalyst and lithium carbonate were used to slow the degradation of the oxime to synthesize
the isoxazoline. (Jimoh et al., 2019). Figure 2.19 shows the optimized conditions for the reaction.
Figure 2.19
Isoxazoline Synthesis via a Diazonium Salt and Gold Catalyst
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The stereoselectivity can be controlled by the metal-ligand binding modes and the
specific ligands that are used. Studies involving the use of silver(I) trifluoromethanethiolate as a
direct source of SCF3 indicate that this group can be added to molecules while the ring closure is
occurring (Figure 2.20) (Zhu, Wang et al., 2014).
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Figure 2.20
Copper-Catalyzed Radical Synthesis of Fluorinated Isoxazoline

The –CF2H group, seen in Figure 2.21, can be incorporated into the isoxazoline forming
reaction. An iridium catalyst in the presence of light induced the redox reaction of iridium to
catalyze the reaction (Zhu et al., 2019).
Figure 2.21
Difluoromethylated Isoxazoline Synthesis via Visible Light Irradiation

Similarly, to the above difluoromethyl isoxazolines, trifluoromethyl isoxazolines are of
interest. Li and co-workers used a copper catalyst, Togni’s reagent, and mild conditions to
synthesize the trifluoromethylated isoxazoline is good yield. The reaction was decently tolerant
of functional groups changes at R1 and R2. Figure 2.22 shows the trifluoromethylated
isoxazoline.
Figure 2.22
Copper-Catalyzed Synthesis of Trifluoromethylated Isoxazoline
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Stereoselective or asymmetric synthetic routes are few and far between in the formation
of isoxazolines. Many of those that exist include harsh conditions with large molar equivalents of
bases. Current work is looking at the use of large molecules to sterically hinder the binding sites
on the metal catalyst. A reaction using this technique is seen in Figure 2.23 (Wang et al., 2020).
This was done quite successfully and in high yields. The size of the ligand was crucial, however,
and without the electronic and steric effects used, the reaction proceeded with little to no
enantioselectivity.
Figure 2.23
Palladium-Catalyzed Coupling Using a Sterically Hindering Molecule

Work done by Norman and co-workers devised a reaction pathway using palladium and
copper. This reaction gave high yield with multiple ligands tested and based on the chirality of
the ligand used was shown to result in as much as 54%ee of one enantiomer of the expected
product. This can be seen in Figure 2.24 (Norman et al., 2007).
Figure 2.24
Asymmetric Synthesis of Isoxazolines
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Transition metal catalyzed reactions are efficient and can be quite selective. While these
reactions are not always the cleanest and the metals are typically quite toxic, the ability transition
metals have in binding and stabilizing makes them quite impressive tools. Just in the last 20
years of research on the synthesis of isoxazolines using transition metals, the mindsets have
shifted quite drastically. The first push had mostly to do with getting away from the use of harsh
bases usually needed for metal-free syntheses. These pathways are quite successful but less ideal
due to the use of the stronger bases. Because transition metals are capable of stabilizing radicals,
the focus on radical reactions have grown prevalent recently. Finding ways to either stabilize,
and even destabilize, the radicals has shown great promise in the efficiency and selectivity of
some reactions. Equally prevalent in recent years is the fluorination of isoxazolines. Now
researchers are developing tools to improve biological activity in this class of compounds using
isoxazolines as carriers for the fluorinated compounds. The applications of these cyclization
reactions to enhance what is inherently practical with molecules has advanced many drug
settings.
Mercury Mediated Reactions
Mercury makes a good mediator for organic reactions because of its size and its ability to
vary its oxidation state. Mercury is commonly known as a toxic heavy metal, particularly when it
appears as organic mercury. For this reason, along with the emergence of palladium and other
catalysts, there is little research investigating the use of mercury salts as catalysts.
Reactivity and Toxicity
The reactivity and toxicity of mercury complexes is an important aspect to discuss. Group
12 on the periodic table includes zinc, cadmium, and mercury. Copernicium is in the same group
but there is not enough research done on the element to fully determine its properties. The
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International Union of Pure and Applied Chemistry (IUPAC) defines transition metals as “an
element whose atom has a partially filled d sub-shell, or which can give rise to cations with an
incomplete d-sub-shell.” Because the first electrons to be removed in the formation of cations are
in the s-sub-shell, this leaves the d-sub-shell always filled. Group 12 does not readily form
cations where the d-sub-shell is partially filled. This was regarded as truth for mercury up until
recently. After much computational work beginning in the 1980s, and finally experimental work
in 2007, the first higher oxidation state of mercury was discovered as mercury(IV) fluoride was
found (Wang et al., 2007). This was incredibly unstable and only possible under extreme
conditions. This begs the question, is mercury truly a transition metal? By IUPAC classifications,
the partially filled d sub-shell makes mercury a transition metal, but the conditions in which this
definition must be true has never been defined. Because zinc and cadmium are so much smaller,
computational studies suggest the formation of higher oxidation states are still not possible. This
research is important for the further synthesis of mercury complexes and subsequent use of the
complexes because it challenges the properties previously assumed about the element.
For most metal complexes used as catalysts or mediators, the ability to exchange ligands
is important. The strength of the bond between the ligand and metal is one of the easiest ways to
manipulate products synthesized. Mercuric acetate is one of the most common metal complexes
utilized in organometallic research. The strength of the mercury-acetate bond is weaker than that
of mercury-carbon bonds. This ensures the ability for ligand exchange and resists the premature
removal of the mercury from the desired organic ligand. The difference in ligand bond strength
can also be used to manipulate the formation of dimers or mercury-mercury bonds.
The toxicity of mercury has been the largest reason for the lack of research in the last 20
years. While the dangers of using mercury are warranted and the effects of poor handling are
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well documented, there are misconceptions when it comes to overarching claims around its
toxicity. The presence of mercury within a compound does not inherently make that a deadly
compound. Many common metal catalysts are considered toxic, even in small quantities. In fact,
pharmaceuticals are made using mercury and some even contain mercury. This includes
thimerosal and mercurial diuretics (Figure 2.25). Thimerosal is a preservative in multi-dose
vaccines to defend against bacteria and viruses. These compounds raise an important
consideration regarding the toxicity of mercury complexes.
Figure 2.25
Thimerosal and One Mercurial Diuretic

Dimethyl mercury is regarded as the most dangerous organomercuric compound. The
ability to be transferred through the skin in very small quantities leads to the reason for the
lethality of the compound. Diethyl mercury and even methyl mercury, which can be found in
many living creatures including fish, are considered less toxic. Mercuric acetate and mercuric
trifluoroacetate are also considered much less toxic. Looking back at the two pharmaceutical
examples, these are both seen as nearly non-toxic in low quantities. This begs the question, what
is the cause for the vast difference in toxicities? The answer to this question can be most simply
put as, the ligand drives the toxicity. This does not encompass the entirety of the question, but is
the largest explanation. Not only does the dose make the poison, the ligand also makes the

26

poison. As described, mercury complexes are not inherently toxic, therefore the synthetic
possibilities should be considered more vigorously due to the intriguing electronic configuration
of mercury.
Reactions
The first reported cyclization using a mercury salt was done in 1900 and 1901 by the
same group (Sand, 1901). The 2,5-dioxane derivative produced is shown in Figure 2.26.
Figure 2.26
First Reported Mercury-Mediated Cyclization

A similar synthesis using an allyl ether instead of allyl alcohol was performed by
Summerbell and co-workers in 1957 (Summerbell et al., 1957). The cis-isomer predominated
significantly and was further favored with a more acidic solution and longer reaction time. The
2,6-dioxane derivative can be seen in Figure 2.27. This is in contrast to the reactions completed
in 1901 where the trans-isomer predominated.
Figure 2.27
Mercury-Mediated Cyclization of 2,6-Dioxane Derivative
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Mercury has been studied in the oxidation of alkenes and alkynes. The formation of 1,2diketones via alkyne oxidation has been noted in the literature in good yield using various
transition metals and mercury salts in molar ratio quantities. Poor functional group tolerance was
seen. Researchers chose to further investigate the synthesis of 1,2-diketones using mercury
catalysts (Mei et al., 2021). In a series of tests using 19 different substituents, it was found that
the method shown in Figure 2.28 had good functional group tolerance in good to quantitative
yield.
Figure 2.28
Alkyne Oxidation to 1,2-Diketones Using a Mercury Salt

A cyclization was completed with mercuric trifluoroacetate. A sterically hindered allene
was cyclized with a sterically hindered mercury complex to afford the disubstituted
tetrahydrofuran derivative shown in Figure 2.29 (Walkup & Park, 1987).
Figure 2.29
Oxymercuration of γ-Silyloxyallenes

Work done by de Koning and researchers showed the pathway in which mercuric acetate
could intramolecularly cyclize a simple compound via an oxidative ring closure (de Koning et
al., 1997). The yield and selectivity were poor based on the conditions tested, as seen in Figure
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2.30. The reaction laid the groundwork for further research on such intramolecular closures. The
same researchers ran a near identical reaction but including tetrahydrofuran (THF) as a solvent.
The use of the polar aprotic solvent increased the yield to 86% (de Koning et al., 2001). It was
thought that the THF readily solvated the mercury cation increasing the yield of the reaction.
Figure 2.30
Oxidative Ring Closure with Mercury Acetate

Ying and co-workers set out to devise the synthesis of a key precursor to elisapterosin B
(Ying et al., 2011). Based on work from previous groups, the use of a mercury catalyst had a
high probability of cyclizing the starting material to the desired product. Using mercuric
trifluoromethanesulfonate (Hg(OTf)2) as the catalyst, the researchers were successful in
cyclizing an allylic alcohol to form precursors to elisapterosin B. Figure 2.31 shows the
optimized reaction for one precursor completed by the researchers. This reaction follows
intramolecular Friedel–Crafts alkylation using a mercury catalyst.
Figure 2.31
Mercury-Catalyzed Cyclization via Intramolecular Friedel–Crafts Alkylation
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Spiroacetals are very important in the literature. They are biologically active and simple
structures can mimic the natural products’ behavior (Cala et al., 2014). However, they are
particularly difficult to synthesize with some metal catalysts and selectivity can be difficult to
control. Zhdanko and co-workers completed the synthesis of the ring system shown in Figure
2.32 (Zhdanko & Maier, 2014). Using the mercury catalyst was very successful in high yields. In
reactions prior to this synthesis, the dienol-ether intermediate would decompose, thus stopping
the production of the [5,6]-acetal. The mercury catalyst was efficient enough to completely stop
the decomposition leading to quantitative yield of the product. Mechanistically, this reaction
occurs in two steps. The first step involves a 6-exo-dig cyclization on the alkyne to form the 6membered ring. The second step forms the 5-membered ring via a 5-endo-trig cyclization.
Figure 2.32
Mercury-Catalyzed Cyclization to Spiroacetals

Diastereomeric control is an important in many syntheses. Mercuric acetate with a
subsequent demercuration was performed in 2002 by Peçanha and co-workers (Peçanha et al.,
2002). Transition state energies revealed endo or exo formation was completely independent of
the methyl or ethyl group used. Therefore, it was determined the mercuric acetate polarizing the
double bond played the role in the formation of the final product. The ethyl group significantly
favored the endo- product by 19:1 whereas the methyl group favored 3:1 as seen in Figure 2.33.

30

This was most likely due to the steric hindrance of the ethyl group on the mercury forcing one
diastereomer over the other. This evidence showed the importance of steric bulk in cyclization
reactions involving mercuric salts.
Figure 2.33
Most Selective Conditions for a Mercuric Acetate Cyclization

Mercury salts as catalysts are reported far less than mediated reactions, though examples
are still available. Mercuric triflate is a common mercury catalyst. Yamamoto and co-workers
performed a mercury-catalyzed cyclization with up to 99% ee as shown in Figure 2.34. Though a
longer reaction time was necessary, the quantitative selectivity and good yield made this
synthesis favorable. The use of an internal double bond and nitrogen as a lone pair source also
provided a route less studied than a cyclization involving a hydroxy group (Yamamoto et al.,
2010).
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Figure 2.34
Enantioselective Mercury-Catalyzed Cyclization

Namba and co-workers performed another mercuric triflate catalyzed cyclization with an
internal double bond (Namba et al., 2008). An activated double bond within a benzene ring
created a fused six-membered ring. The hydroxy group acts as a water leaving group having been
protonated by the deprotonated and activated benzene ring. This creates the terminal double
bond. The product is shown in Figure 2.35. The reaction had very high catalytic turnover and
high percent yield.
Figure 2.35
Mercury-Catalyzed Cyclization to a Fused Six-Membered Ring

A fused six membered ring was created using a mercuric triflate tetramethylurea as a
catalyst and an alkyne (Nishizawa et al., 2003). The reaction above and the reaction here differ
only slightly showing the similarities in cyclizations involving alkenes versus alkynes. The
cyclization still had very high yield with high catalytic turnover. Figure 2.36 shows the
cyclization reaction to dihydronaphthalenes.
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Figure 2.36
Cyclization of Arylalkyne to Dihydronaphthalenes

Recent research has shown the emergence of cyclizations using mercury salts. Mercury
began as a common catalyst to research and slowly lost desirability when other metals were
explored. Recently mercury has come back as a replacement for many catalysts originally used
to replace the use of mercury. Mercury is more resilient to variable conditions, more air-stable,
and can be a good mediator for many organic transformations. The current exploration of this
metal as a mediator for cyclization reactions is underway among many research groups.
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CHAPTER III
METHODOLOGY
A four-step synthesis was performed to obtain a series of novel isoxazolines. These steps
included a Grignard reaction, pyridinium chlorochromate oxidation, oximation of the resulting
ketone, and mercury-mediated cyclization. The steps of the overall synthesis are outlined in
Figure 3.1. Work completed previously by Mosher and co-workers illustrated that the first three
steps could be achieved in good yield (Mosher et al., 2006). Those studies focused primarily on
the use of para-substituted arenes. In the present work, ortho-substituted arenes were included in
the mix to explore the steric hindrance of substituent positioning.
Figure 3.1
Three-Step Synthesis of Substituted β,γ-Unsaturated Oxime
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Starting benzaldehydes and all other reagents were commercially available and are listed
in Table 3.1. Each was used without further purification.
Table 3.1
List of Reagents Used and Their Associated Manufacturers
Reagent
Acetonitrile

CAS
75-05-8

Manufacturer
Pharmco-AAPER

Allylmagnesium chloride, 1.7 M

2622-05-1

Acros Organics

Argon

7440-37-1

Airgas

Brine

7647-14-5

Sigma-Aldrich

Dichloromethane

75-09-2

Pharmco

Diethyl ether, ACS, 99% min, stab. With
BHT liquid

60-29-7

Thermo Fisher Scientific

Dimethylformamide

68-2-12

Sigma-Aldrich

Ethyl acetate

141-78-6

VWR

Ethyl alcohol, 200 Proof

64-17-5

Pharmco-AAPER

Florisil ® 60-100 Mesh

1343-88-0

Acros Organics

Hexanes, mixed isomers

110-54-3

Alfa Aesar

Hydroxylamine hydrochloride

5470-11-1

Sigma-Aldrich

Magnesium sulfate

7487-88-9

Sigma-Aldrich

Mercury acetate

1600-27-7

Sigma-Aldrich

Methanol

67-56-1

Supelco

Pyridinium chlorochromate, 98%

26299-14-9

Alfa Aesar

Silica gel

7631-86-9

Dynamic Absorbents, Inc.

Sodium acetate trihydrate

6131-90-4

Sigma-Aldrich

Sodium borohydride

16940-66-2

Sigma-Aldrich

Tetrahydrofuran

109-99-9

VWR
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Normal-phase thin layer chromatography (TLC) was used to evaluate the purity of
products formed in each reaction in the overall synthesis. Visualization of compounds on the
TLC plates was done with a handheld ultraviolet light set to 254 nanometers. Because each
compound in the syntheses contained an aromatic ring, the individual products and starting
materials were predicted to be easily observed with this non-destructive visualization. The
solvent system used was a mixture of hexanes and ethyl acetate (HEA). The ratio of the solvents
was dependent upon the reaction or product being tested. Compounds 2 and 3 were run with
80:20 HEA, and compound 4 with 70:30 HEA. Nuclear magnetic resonance (NMR)
spectroscopy was also used as a method of determining product identity and purity.
For any novel compound prepared during the exploration of the complete synthesis, a full
characterization using spectroscopic methods was conducted. One dimensional proton and
carbon NMR (1HNMR, 13CNMR) were primarily used to assign specific resonances. Twodimensional heteronuclear single quantum coherence (HSQC) and correlated spectroscopy
(COSY) were used to confirm those resonances and assign the overall structure of each product.
The spectra were obtained using a Brüker Advance II (400 MHz for proton) in nitrogen-flushed
99.8% deuterated chloroform (CDCl3, CAS: 865-49-6) supplied by Acros Organics.
Combination of the spectroscopic methods allowed a full array of data that was used to deduce
not only product identity, but also identify impurities and the relevance to the outcome of the
specific synthetic step.
When impurities were present, purification was performed using the Yamazen Smart
Flash low-pressure chromatography system. The only compound needing purification through
this system was 4. A pre-packed silica gel medium universal column and medium injection
column were used (Inject ColumnsTM: Size: Medium, Pack Size: 10, Cat.No.: W827; Universal
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ColumnsTM: Size: Medium, Silica Gel Size: 40μm 60Å, 2.3 O.D. X 12.3 cm overall length (20
I.D. X 80 mm packed length)). The Yamazen Smart Flash system was preferred due to its ability
to separate products efficiently and the reusability of the columns.
The first reaction in the overall synthesis was performed under inert conditions using
argon gas through a Schlenk line. Oven dried glassware was used to ensure water was not
present during the reaction. The substituted benzaldehyde containers were purged with argon
before and after use to reduce oxidation of the benzaldehyde to the corresponding carboxylic
acid. Allylmagnesium chloride was used as the Grignard reagent in 20% molar excess with
anhydrous tetrahydrofuran (THF) as the reaction solvent. The reaction was performed at room
temperature with dropwise addition of the benzaldehydes (1a-e). Each reaction was scaled to use
2-4 grams of the benzaldehyde derivative. Table 3.2 illustrates the substituted benzaldehydes that
were employed.
Table 3.2
Starting Aldehydes and the Company of Manufacture
Structure

R1

R2

Nomenclature

CAS

Manufacturer

1a

-H

-H

benzaldehyde

100-52-7

Aldrich

1b

-CH3

-H

o-tolualdehyde

529-20-4

TCI

1c

-H

-CH3

p-tolualdehyde

104-87-0

Aldrich

1d

OCH3

-H

o-anisaldehyde

135-02-4

Acros
Organics

1e

-H

OCH3

p-anisaldehyde

123-11-5

TCI

These substituents were chosen in order to explore the electron donating or withdrawing
effects during product formation.
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The excess Grignard reagent was utilized to account for any residual water that may have
been present in the reaction vessel or syringes. The exothermic nature of the reaction was utilized
to add heat, thus increasing the rate of the reaction. The frequency in which the Grignard reagent
was added allowed for control over the reaction flask temperature without the need for external
heating or cooling.
The reaction mixture was then extracted using a separatory funnel and ethyl acetate. In
many cases a thick emulsion formed requiring the use of a brine solution.
For the second step in the overall synthesis, an oxidation reaction involving pyridinium
chlorochromate (PCC) and magnesium sulfate (MgSO4) suspended in dichloromethane (CH2Cl2)
was performed on each alcohol (2a-e). The products were expected to be the corresponding
ketone (3a-e). Due to the extensive previous research that was conducted to show efficacy and
high yield with the PCC oxidation of compound 2, it was unnecessary to test and employ a less
hazardous oxidizing agent (Mosher et al., 2006). The reaction was scaled to use 2-5 grams of
compound 2a-e. The reaction was run for one hour at room temperature at which time an excess
of diethyl ether was added to stop the reaction by precipitating the pyridinium chlorochromate.
Because 3a-e degraded quickly when exposed to heat, diethyl ether was utilized as the solvent to
allow the products to be isolated with minimal heating.
The waste materials generated in the oxidation were isolated by filtration through a small
bed containing a 1:1 mixture of Florisil and silica gel. Further purification techniques were not
necessary for 3a-e.
The third step in the reaction sequence was the oximation of the ketones (3a-e). The
reaction conditions used reflected a standard oximation reaction (Figure 3.1). Equal parts water
and ethanol were used as the solvent. A buffer consisting of an 8:6 mas to mass ratio of
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hydroxylamine hydrochloride (NH2OH•HCl) to sodium acetate (NaOAc) were added, followed
by the corresponding ketone (3a-e). The importance of the order in which compounds were
added was shown to be great when completing the first few reactions. The reaction mixture was
refluxed for 10 minutes, cooled, and the product isolated by extraction with a separatory funnel
and ethyl acetate. The reaction was scaled to use 1-2 gram samples of compound 3. Unlike 3,
compound 4 is stable at sub-zero temperatures making storage much easier for longer periods of
time. The synthesis has been performed in the literature many times; therefore, the procedure
was simply adapted for the specific ketones (3a-e) (Mosher et al., 2006).
The buffer formed in the reaction between the two salts serves a vital purpose. This
buffer will keep the reaction sitting in a pH of roughly 5.4.
The oximation reaction produces isomers at the nitrogen. These isomers can be observed
by shifts in key signals in the 1HNMR.
Spectroscopy was done to ensure all oximes (4a-e) were pure before moving to the final
cyclization step.
The final step in this series of reactions involves the cyclization of compounds 4 using
mercuric acetate to form isoxazolines. The general reaction is shown in Figure 3.2. The
methodology of this reaction was explored in detail.
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Figure 3.2
General Synthesis of Substituted Isoxazolines

Mercuric acetate was the salt used as the mediator for the cyclization. Previous work has
shown the benefit of the acetate ligand with its ability to dissociate easily in solution to open a
binding site but stable as a complex on its own. Based on results and previous work, no other
mercury salts were explored.
Various conditions were used to test the completeness and effectiveness of the cyclization
to compound 5. The conditions tested are outlined in Table 3.2. Five solvents were tested first.
The timed trials used times ranging from 18 hours to 90 seconds. Mercury acetate [Hg(OAc)2]
was tested in catalytic, molar equivalent, and excess quantities. The reaction was tested at 0 oC,
room temperature (23 oC), and at a reflux (39 oC).
The solvents chosen were based off of polarity, ease of use, and chemical signature. For
instance, methanol is polar protic while tetrahydrofuran is polar aprotic. Dichloromethane has a
very low boiling point while acetonitrile has the highest boiling point of the solvents chosen.
N,N-Dimethylformamide has 1H-NMR peaks that may interfere with isoxazoline peaks while
dichloromethane peaks are very much separate.
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Table 3.3
Reaction Conditions Explored
Trial

Solvent

Reaction Time

Molar Ratio
(Hg(OAc)2 to oxime)
Temperature

Manipulated Variables
N,N-dimethylformamide
Dichloromethane
Tetrahydrofuran
Acetonitrile
Methanol
90 seconds
10 minutes
2 hours
6 hours
18 hours
0.25:1
0.5:1
1:1
1.5:1
0 oC
Room temperature
Reflux

The final procedure used is shown in Figure 3.3.
Figure 3.3
Cyclization Reaction Using Ideal Conditions

Purification was not completed on any isoxazoline synthesized. Using 1HNMR, 13CNMR,
HSQC (heteronuclear single quantum coherence image), and COSY (correlation spectroscopy),
it was determined the isoxazoline did not require any purification steps. Results from 1HNMR
spectra gave rise to the question of what is on the other side of the mercury due to the realization
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the mercuric acetate was not acting as a catalyst. X-ray fluorescence spectroscopy was completed
to determine the presence of mercury and the percent mercury in the sample. Using 5e, a 20.3 mg
sample was prepared with 10 mL 1000 ppm gallium internal standard solution.
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CHAPTER IV
RESULTS AND DISCUSSION
A three-step synthesis was performed to achieve the β,γ-unsaturated oximes. An
overview of this synthesis and a description of the substituents is shown in Figure 4.1. The result
of each reaction is outlined below. All figures titled with 1HNMR are reporting proton nuclear
magnetic resonance images, 13CNMR are reporting carbon nuclear magnetic resonance images,
COSY are reporting correlation spectroscopy images, and HSQC are reporting heteronuclear
single quantum coherence images.
Figure 4.1
Synthesis of β,γ-Unsaturated Oximes
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Synthesis of β,γ-Unsaturated
Oximes
All alcohols were synthesized using allylmagnesium bromide in dry tetrahydrofuran. The
percent yields were quantitative for each alcohol. Specific values can be seen in Table 4.1.
Table 4.1
Percent Yields for 2a-e
Alcohol

Yield
%

2a

98

2b

99

2c

99

2d

98

2e

99

The identity of each alcohol was confirmed via 1HNMR, 13CNMR, COSY and HSQC.
These four spectral techniques are shown in Figure 4.2-5 using 2e. No steric hindrance or
electronic effects were observed for the synthesis of 2a-e. The alcohols did not require
purification.
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Figure 4.2
1

HNMR of 2e
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Figure 4.3
13

CNMR of 2e
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Figure 4.4
COSY of 2e

47

Figure 4.5
HSQC of 2e

The pyridinium chlorochromate oxidation was successful in moderate to good yields for
each alcohol. Though yields were not consistently high, there did not appear to be a pattern clear
enough to suggest steric hindrance or electronic effects played any role in the reaction. The
yields for each substituent are outlined in Table 4.2.
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Table 4.2
Percent Yields for 3a-e
Ketone

Yield
%

3a

65

3b

91

3c

78

3d

56

3e

84

Using 1HNMR (proton nuclear magnetic resonance), 13CNMR (carbon nuclear magnetic
resonance), COSY (correlation spectroscopy), and HSQC (heteronuclear single quantum
coherence) it was determined the ketones were produced in not only good yield, but with high
purity. Therefore, no further purification steps were necessary. Figures 4.6-9 show an example of
1

HNMR, 13CNMR, COSY and HSQC using 3e.
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Figure 4.6
1

HNMR of 3e
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Figure 4.7
13

CNMR of 3e
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Figure 4.8
COSY of 3e
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Figure 4.9
HSQC of 3e

Synthesis of 4a-e appeared to be the first reaction where steric hindrance and electron
effects impacted the success of the reaction. The percent yields for the ortho- substituents are
markedly lower than those in the para- position. This can be seen in Table 4.3.
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Table 4.3
Percent Yields for 4a-e
Oxime

Yield
%

4a

89

4b

45

4c

89

4d

40

4e

89

Compounds 4 were tested for purity with 1HNMR (proton nucleur magnetic resonance).
Because the oximation reaction yielded pure product without the need for further purification
techniques, if a product was impure, the material was deemed unusable, and another sample was
prepared. Figure 4.10 shows the 1HNMR for 4e.
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Figure 4.10
1

HNMR of 4e

Synthesis of Disubstituted
2-Isoxazolines
The final step of the synthesis was the cyclization to form the 2-isoxazoline. An overview
of the final step is shown in Figure 4.11. The conditions tested and spectral evidence is outlined
below. Standard conditions include dichloromethane as the solvent, 30-minute reaction time,
room temperature, and 1:1 molar ratio of mercuric acetate to oxime. One variable was changed at
a time, the results of the reaction observed using spectroscopic methods, and then the usefulness
of the variable determined. If the variable increased the yield or purity of the reaction, it was
kept. If the variable decreased the yield or purity of the reaction product, the variable was
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changed. In this manner, the best set of variables to effect the transformation of the unsaturated
oxime to the disubstituted isoxazoline were selected.
Figure 4.11
Synthesis of 2-Isoxazolines

Methodology Survey
Solvent trials using tetrahydrofuran, acetonitrile, methanol, N,N-dimethylformamide, and
dichloromethane showed dichloromethane was the most productive solvent. The highest
concentration of 5e as determined by NMR (nuclear magnetic resonance) spectroscopy was
formed in dichloromethane.
Beginning at 18 hours and working down to 90 seconds under standard conditions,
1

HNMR showed the reaction was successful at any time attempted between 90 seconds and 18

hours. The longest and shortest reaction times are shown using the 1HNMR of 5e in Figure 4.12
and 4.13. Both returned very similar results and yield of the expected product.
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Figure 4.12
1

HNMR of 5e at 18 Hours
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Figure 4.13
1

HNMR of 5e at 90 Seconds

A sodium borohydride demercuration was performed on 5e under standard conditions in
an attempt to show that the organomercurial could be converted to a non-mercury containing
organic compound. Figure 4.14 shows the 1HNMR (proton nuclear magnetic resonance) of 5e
after the demercuration reaction set for 15 minutes. The upfield shift of the multiplet around 5
ppm and the appearance of the doublet at around 1.4 ppm suggests the formation of the terminal
methyl group on the isoxazoline and the subsequent removal of the mercury. The final product
was not isolated from the reaction mixture.
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Figure 4.14
1HNMR of 5e After Sodium Borohydride Demercuration at 15 Minutes
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The demercuration reaction appeared to be time dependent. Figure 4.15 shows the
sodium borohydride demercuration at 7 hours. A roughly 50% increase of the terminal methyl
product was formed.
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Figure 4.15
1HNMR of 5e After Sodium Borohydride Demercuration at 7 Hours
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Temperature did not seem to make an impact on the success or failure of the reduction
reaction.
To determine the ideal molar ratio for the mercury-mediated cyclization, catalytic and
molar equivalent quantities were employed under standard conditions. Specifically, 0.25:1 or
0.5:1 mercuric acetate to oxime was used. Figure 4.16 shows the result of 0.5:1 mercuric acetate
to oxime at 15 minutes. The most notable difference was the emergence of the two doublet of
doublets from about 2.65-2.75 ppm. This was later determined to be evidence of dimerization
and was observed in all spectra containing catalytic quantities of mercuric acetate.
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Figure 4.16
1

HNMR of 5e Using 0.5:1 Mercuric Acetate to Oxime at 15 Minutes
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To investigate the effect of time on the success of the mercury-mediated reaction,
standard conditions were used with 0.5:1 mercuric acetate to oxime. Figure 4.15 shows the
1

HNMR of 0.5:1 mercuric acetate to oxime at 8 hours.
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Figure 4.17
1

HNMR of 5e Using 0.5:1 Mercuric Acetate to Oxime at 8 Hours
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To investigate the ability to manipulate the percentage of products in 0.25:1 and 0.5:1
mercuric acetate to oxime, both reactions were run for 48 hours using the determined standard
conditions. Figures 4.18 and 4.19 show the 1HNMR (proton nuclear magnetic resonance) of
0.25:1 and 0.5:1 mercuric acetate to oxime at 48 hours. Significant concentrations of starting
oxime were present in the 0.25:1 mercuric acetate to oxime reaction.
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Figure 4.18
1

HNMR of 5e Using 0.25:1 Mercuric Acetate to Oxime at 48 Hours
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Figure 4.19
1

HNMR of 5e Using 0.5:1 Mercuric Acetate to Oxime at 48 Hours
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Using 0.5:1 mercuric acetate to oxime, the reaction was monitored at various time
increments for 124 hours. The percentages of oxime, monomer, and dimer were observed with
respect to time. Figure 4.20a shows an example of a spectrum taken at 79 hours. The integration
ratios were added together. The integration ratio corresponding to each compound was used to
determine the percentage of the total. The doublet at roughly 3.5 ppm integrates for two
hydrogens and corresponds to the oxime. The doublet of doublets at roughly 3.35-3.45 ppm and
2.8-2.9 ppm integrate for one hydrogen each and corresponds to the monomer. The two sets of
doublet of doublets at roughly 2.6-2.8 ppm integrate for one hydrogen each and corresponds to
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the dimer. The signals chosen were easily distinguishable and all integrated for a total of two
hydrogens.
Figure 4.20a
An Example Spectrum Used for the Percentages of Oxime, Monomer, and Dimer

A graph of the percentages was created with respect to time. Figure 4.20b shows the
graph created with the data points.
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Figure 4.20b
The Change of Oxime, Monomer, and Dimer Percentages Through Time
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Due to the low boiling point of dichloromethane, only a reflux, room temperature, and
0 oC were tested to determine the best standard conditions. Room temperature was used for the
previous trials, so the temperature was considered the best option. Figure 4.21 shows the result of
5e at a reflux.
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Figure 4.21
1

HNMR of 5e at a Reflux (39 oC) for 30 Minutes

With a brine and ice bath, 5e was run under standard conditions at 0 oC. The result of this
lowered temperature can be seen in Figure 4.22.
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Figure 4.22
1

HNMR of 5e at 0 oC for 30 Minutes

Application and Characterization
Optimization trials show the most effective conditions to be dichloromethane as the
solvent, 30-minute reaction time, room temperature, and with a molar equivalent of mercuric
acetate and oxime. These conditions were used on the other derivatives of 5. The 1HNMR
(proton nuclear magnetic resonance) or each compound can be seen in Figure 4.23-26.
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Figure 4.23
1

HNMR of 5a at Optimized Conditions
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Figure 4.24
1

HNMR of 5b at Optimized Conditions
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Figure 4.25
1

HNMR of 5c at Optimized Conditions
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Figure 4.26
1

HNMR of 5d at Optimized Conditions

To confirm the optimized conditions on 5e, these conditions were run, and full spectral
characterization was completed. The 1HNMR did not change. Figure 4.27 shows the 13CNMR
(carbon-13 nuclear magnetic resonance), and Figure 4.28 shows the HSQC (heteronuclear single
quantum coherence) of 5e.
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Figure 4.27
13

CNMR of 5e at Optimized Conditions
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Figure 4.28
HSQC of 5e at Optimized Conditions

To confirm not only that mercury is present in the compound, but what ligand is also
attached to the mercury in the final cyclization product, x-ray fluorescence spectroscopy (XRF)
was performed on the product after purification by extractive isolation. A qualitative trial was
completed first to confirm the presence of mercury in the compound. Gallium was used as the
internal standard. This trial was run with 5e and can be seen in Figure 4.29.
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Figure 4.29
X-Ray Fluorescence Analysis of Mercury in 5e

Two compounds were possible, the dimer and the monomer. The monomer would
contain the acetate ligand. The molar mass of the monomer and dimer were used to determine
the calculated percent mercury in the compound. The molar mass of the monomer is 434 g/mol
and the dimer is 549 g/mol. The molar mass of mercury is 201 g/mol. The monomer has a
percent mercury of 36% and the dimer has a percent mercury of 46%. Using 5e, a 20.3 mg
sample was prepared with 10 mL 1000 ppm gallium internal standard solution. The average
percent mercury over three trials was 40%. Using percent mass of mercury to the rest of the
sample and previous 1HNMR (proton nuclear magnetic resonance) spectral data, the most
probable compound was the monomer.
An initial analysis of the effect a substituent has on the reaction was pursued. The groups
consisted of methyl and methoxy groups in the ortho- and para- positions. It is worth noting, the
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methyl and methoxy groups are not particularly large or electron dense. The goal of the
substituents was not to completely halt the reaction, but to hinder or aid in some way. Both
groups exhibit some amount of electron donating through resonance, and methoxy groups show
electron donating through induction. Steric and electronic effects were seen to be important in
very few reactions. Figure 4.30 shows the substituents used.
Figure 4.30
Example Structures of the Methyl and Methoxy Groups

A measurement used for the electron donating or withdrawing strength of a substituent is
the substituent constant found in the Hammett equation. This value is σ as seen in Equation 4.1.
Equation 4.1
Hammett Equation Illustrating the Substituent Constant σ
𝑙𝑜𝑔

𝐾
𝐾

𝜌𝜎

This constant measures how much a substituent affects the productivity of a reaction due
to the electron donating or withdrawing effects. This number can be positive or negative with the
magnitude measuring how strongly that substituent can affect the reaction. A negative value
denotes an electron donating group and a positive value denotes an electron withdrawing group.
For instance, a dimethylamino-group has a constant of –0.83 while a nitro-group has a constant
of 0.778. Substituent constants describe the para- and meta- positions. This is because when the
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constants were being derived, the intent was to measure only electronic effects. Orthopositioned substituents can have compounded effects with steric hindrance by the reactive site on
the molecule. Published ortho- substituent constants are rare and many are approximations.
Methyl-groups have a substituent constant of -0.17 and methoxy-groups have a
substituent constant of -0.27 suggesting the electron donating effect of a methoxy-group is
stronger than that of a methyl-group. These values correlate to the para- position. The
approximated values for the ortho- positions of methyl and methoxy groups are -0.13 and -0.20
respectively. The methoxy-group shows electron withdrawing properties in terms of induction in
the ortho- position. Compound 1a has a substituent constant of 0.00 because the hydrogen
substituent has a sigma value of 0.00.
An electron withdrawing group was investigated initially during the first reaction. The
group chosen was a nitrile-group as shown in Figure 4.31. The substituent constant for the paraposition is 0.66 and the estimated for the ortho- position is 0.64.
Figure 4.31
Example Structure of the Nitrile Group

The Grignard reaction was performed on the benzaldehyde derivative with the nitrile
group in the ortho- and para- position. A 1HNMR was performed on the ortho- position product
and a large quantity of impurities were observed. The para- position product was too impure to
attempt to obtain any spectral data. The 1HNMR for the ortho- position product can be seen in
Figure 4.32. The proposed mixture of products includes the addition of a ketone where the nitrile
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group started. Nitrile groups readily react with Grignard reagents to form ketones, which drove
the hypothesis that both the nitrile and aldehyde centers reacted. Because the intent of the
research was not to isolate the secondary alcohol from a compound with multiple Grignard
reactive sites, the nitrile containing compounds were discarded and the research moved on with
2a-e.
Figure 4.32
1

HNMR of the Grignard Reaction on 2-Formylbenzonitrile

Because the methyl and methoxy groups are not particularly large and their respective
substituent constants are not large negative values, it was not a surprise that any steric or
electronic effects were observed. What did seem to be affected by, most likely, electronic effects
was the carbinol hydrogen shift. An example of this can be seen in Figure 4.2 signal e. To
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illustrate the trend the carbinol hydrogen shift appears to follow, Table 4.4 outlines the electron
donating or withdrawing effects of the substituent and the placement of the signal.
Table 4.4
Carbinol Hydrogen Shifts for 2a-e
Alcohol

Carbinol H Shift (ppm)

2a

4.749

2b

4.997

2c

4.710

2d

4.995

2e

4.693

The shifts in italics are referring to compounds with ortho- substituents. The significantly
further downfield shift is thought to be from the much higher electron density surrounding the
carbinol hydrogen. The proximity of the groups to the carbinol hydrogen makes evaluating the
effect a substituent has on the shifting difficult. However, using the para- substituents, the
difference in shifting between the more electron donating methoxy groups and the less electron
donating methyl group is quite apparent. The more electron donating to the carbinol hydrogen,
the further upfield the shifting will occur. This is further supported by 2a being further downfield
than both 2c and 2e.
Of interest regarding the carbinol hydrogen signal was the splitting patterns. Table 4.5
outlines the differences seen in the splitting patterns of the carbinol hydrogen signals.
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Table 4.5
Carbinol Hydrogen Shift Splitting for 2a-e
Alcohol

Carbinol H Shift Splitting

2a

triplet

2b

doublet of triplets

2c

triplet

2d

doublet of triplets

2e

triplet

The splitting patterns in italics are referring to compounds with ortho- substituents. The
carbinol hydrogen is attached to a chiral carbon. Unless the compound is subjected to a chiral
environment, like a chiral solvent, the 1HNMR (proton nuclear magnetic resonance) will appear
identical for enantiomers. This changes, however, if the environment around the chiral carbon
can be altered in some way. The splitting expected for the carbinol hydrogen is a triplet
integrating for one. This is seen in the para- substituents. When looking over the 1HNMR for 2b
and 2d, the ortho- substituents, a doublet of triplets, or two triplets that appear to slightly
overlap, is observed. To reiterate, the separation in signals for a hydrogen on a chiral carbon is
only seen if the compound is in a chiral environment. The fact the ortho- position seems to cause
a difference in splitting implies the environment of the carbinol hydrogen is changing. The most
likely cause a difference in long distance coupling between the substituent and the hydrogen in
question. The long-distance coupling proposed would be not be possible with a substituent in the
para- position, which is consistent with the results found.
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A pyridinium chlorochromate oxidation followed the Grignard reaction. The reaction did
not seem to be affected by the substituents or the positioning. While the percent yields were not
consisted, a pattern was not observed that would suggest any affect by the substituents.
The reaction was run at room temperature due to the low boiling point of
dichloromethane. A reflux was attempted for one reaction to shorten the two-hour reaction time,
however the production of chromium(III) caused an abrupt degradation of the resulting ketone
and heat was not used again. Compounds 3 were only stable for about seven days, so moving 3
to the oximation in a timely manner was important.
The only difficulty that seemed to persist during the oxidation was purification and
separation. A suction filtration setup was done with a filter flask and a bed of Florisil and silica
gel on a coarse fritted funnel. Initially only Florisil was used in the funnel. Separation and
purification were successful but a significant amount of product was lost. Silica gel was
attempted on its own to see if a different medium could decrease the amount of product lost.
Silica gel was successful in having a decrease in loss of product. However, colored impurities
became a problem signifying a decrease in purification. As a last idea, a 1:1 mixture of silica gel
and Florisil was prepared and used in the fritted funnel. This mixture maximized not only the
product recovered, but also the purification.
An oximation reaction was completed on 3a-e using hydroxylamine hydrochloride and
sodium acetate trihydrate. In the three-step synthesis to synthesize the oxime, the oximation is
the first reaction that seemed to be affected by electronic and steric effects. The technique used
to complete the oximation proved to be exceedingly important. The pH, reflux time, and
substituent placement dictated the success of the reaction.
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The order of addition of contents to the reaction flask mattered greatly. The solid and
ethanol-water mixture was added to the round bottom first. The addition of the hydroxylamine
hydrochloride and sodium acetate trihydrate had to be first made into a slurry with water and
ethanol before adding to the flask. If either salt was added first, the pH was thrown off and the
reaction would not proceed as intended. Much of this has to do with the buffer made between the
hydroxylamine hydrochloride and sodium acetate trihydrate. Equation 4.2 outlines this buffer.
Equation 4.2
Buffer Created Between Hydroxylamine Hydrochloride and Sodium Acetate
𝑁𝐻 𝑂𝐻 𝐻𝐶𝑙

𝑁𝑎𝑂𝐴𝑐 → 𝑁𝐻 𝑂𝐻

𝐻𝑂𝐴𝑐

𝑁𝑎𝐶𝑙

Something that can be misleading with the way the buffer is typically written is the
hydrogen attached to the chlorine in the hydroxylamine hydrochloride. This will also exist as
NH3OH+ Cl-. The hydrogen removed to form the acetic acid is what “activates” the nitrogen by
transferring the bonded electrons to the nitrogen. The lone pairs now on the nitrogen are able to
complete the nucleophilic attack on the carbonyl carbon to begin the reaction.
The buffer created kept the pH of the reaction around 5.4. Two products predominated if
the pH was either too acidic or not acidic enough. It is important to recognize the reaction
conditions cannot be considered basic as the pH does not rise about a pH of 7. The pH is best
described as approaching neutral, not becoming basic. Often accompanying the drop in acidity
was too long of a reflux time.
When the solution approached neutral, the oxime hydrogen was removed and a
cyclization occurred. Figure 4.33 shows a 1HNMR spectrum of the result of a solution
approaching neutral.
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Figure 4.33
Oximation When the pH is Approaching Neutral

When the solution was too acidic, and especially when the reflux was left to continue for
more than ten minutes, the terminal double bond moved to the conjugated position. When
keeping the cyclization step in mind, this movement of the double bond completely halts the
cyclization. The mechanism follows a deprotonation at the alpha-carbon to generate a fully
conjugated system. That system is then protonated at the terminal end in order to maintain
conjugation. Figure 4.34 shows a 1HNMR (proton nuclear magnetic resonance) spectrum of the
result of a solution to acidic and refluxing for too long.
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Figure 4.34
Oximation When the pH is too Acidic and Under Reflux for too Long

The oximation forms an E- and Z-isomer that are known as syn- and anti-oximes. The
term syn is used when the oxime OH is on the same side as the larger group attached to the
oxime carbon. This positioning is determined in the last step of the mechanism shown in Figure
4.35.
Figure 4.35
The Last Mechanistic Step of the Oximation
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Along with most compounds, one isomer is typically favored. In the case of the
oximation, the E-isomer (anti-oxime) is favored. Table 4.3 outlines the percent yields of 4a-e.
While 89% yield is high, the reasoning for the loss of product has to do with the disfavoring of
the Z-isomer (syn-oxime) which is more sterically hindered. This steric hindrance comes from
the difference in molar volumes of the group attached to the oxime carbon. The molar volume of
an unsubstituted benzene is over three times greater than that of the allyl group. The great
decrease in yield is seen for 4b and 4d. Here, not only is the Z-isomer disfavored due to the
differences in molar volume, but the added steric hindrance of the ortho- substituent nearly
blocks the Z-isomer altogether. Even with the favored E-isomer, the steric bulk of the lone pair
of electrons and any bonded atoms is enough to decrease the formation of the product. This steric
hindrance in the ortho- position is outlined in Figure 4.36. It should be noted that the methoxy
group has a much larger molar volume than a methyl group.
Figure 4.36
Steric Hindrance of 4b and 4d
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The E- and Z-isomers can be detected in 1HNMR spectra. However, because the Eisomer is so greatly preferred, the 1HNMR spectra show a single diastereomeric signal.
The methodology study for the synthesis of 2-isoxazolines had two major facets. The first being
the optimal conditions for the synthesis and the application of the method to the rest of the
compounds. The second being the discovery and exploration of the dimerization.
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Standard conditions that were determined by the methodology study refer to room
temperature, 30-minute reaction time, dichloromethane, and a 1:1 oxime to mercuric acetate
molar ratio. One variable may change at a time from these standard conditions.
Methodology and Application
The determination of the solvent to be used was the first variable explored. The solvents
chosen were tetrahydrofuran, methanol, acetonitrile, N,N-dimethylformamide, and
dichloromethane. Each solvent trial was run in duplicate using 4e for 18 hours, at room
temperature, with a 1:1 mercuric acetate to oxime molar ratio. All solvents except for methanol
were chosen because they were polar aprotic solvents. Tetrahydrofuran, acetonitrile, and
dichloromethane are also very common solvents used for reactions similar this one, as well as
many mercury-mediated cyclizations. Methanol was the only polar protic solvent chosen.
Mechanistically there was little evidence to suggest methanol would successfully support the
cyclization. Through 1HNMR spectroscopy the speculation was confirmed with the absence of
signals associated with the isoxazoline.
The other four solvents were successful in aiding the production of the isoxazolines. Due
to the success of multiple solvents, the ease of use became the main reason behind the one
chosen. N,N-Dimethylformamide has a very high boiling point of 153 oC. At the time of the
solvent trials, it was unknown how much heat the compound could withstand before
decomposition. Not only this, but removal of the solvent could be a problem. For these reasons,
N,N-dimethylformamide was not considered a choice for a solvent. When looking at acetonitrile,
the boiling point was still quite high at 82 oC, but the bigger drawback was the signal overlap in
the 1HNMR (proton nuclear magnetic resonance) spectrum. A necessary signal corresponding to
the acetate in the structure directly overlapped at 2 ppm with the acetonitrile signal.
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Tetrahydrofuran was successful, and does have a lower boiling point than the two previously
mentioned solvents. The decision between tetrahydrofuran and dichloromethane came down to
the ease of use. While the boiling point of tetrahydrofuran is not terribly high at 66 oC, the
boiling point of dichloromethane is significantly lower at 39 oC. This makes the removal of
solvent much easier and there is less of a chance of decomposing the product just trying to
remove the solvent using rotary evaporation. One of the most important considerations when
comparing equally successful solvent is cost. Because solvents are used in much larger quantities
than other reagents, it can be beneficial to use a cheaper solvent. According to Sigma Aldrich,
the cost of dichloromethane is nearly half the cost of equal size and purity of tetrahydrofuran.
For these reasons, the final decision was dichloromethane as the reaction solvent.
Timed trials followed the solvent trials. Most of the literature found surrounding the
transition metal-mediated cyclizations of oximes to isoxazolines suggested reaction times
anywhere from six hours to six days. Originally the planned timed trials included 18 hours, 24
hours, 48 hours, eight hours, and six hours. The intent was to begin at 18 hours and if it was not
successful to move to 24 then 48 hours. However, the results pointed in a completely different
direction. All timed trials were done with 4e under standard conditions with only the reaction
time changing. After the 18-hour trial proved to be a success, as shown in Figure 4.12, the next
time was cut down to six hours. When this was successful, the next trial was cut down to two
hours. After successful trials at one hour, 30 minutes, and ten minutes, a last trial was attempted.
The final trial was denoted as the 90-second trial and the results can be seen in Figure 4.13. For
this trial the mercuric acetate was added to the round bottom and stirred vigorously. When the
acetate had dissolved, which was less than one minute, the round bottom was immediately
removed and placed on the rotary evaporator. While the exact time was not measured, the trial
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was roughly 90 seconds long. With the success of this last trial, it was determined the reaction
was as immediate as this measurement could allow.
While no rate studies were completed, this reaction most likely follows a zero-order
reaction. Based on the reactions that were completed, the rate of the reaction did not change
based on the concentration of either the oxime or mercuric acetate. The products did change
based on the ratio of the two starting reactants, but the rate does not appear to change.
The discussion of the molar ratio trials will be discussed further in the second facet of the
discussion. However, to outline the general experiment, molar ratio trials were completed to
determine whether or not the mercuric acetate was acting as a catalyst. The reactions were done
using 4e under standard conditions. An equal molar ratio, slight excess, 0.25:1 and 0.5:1
mercuric acetate to oxime molar ratio was used. Two tests were done using catalytic amounts of
mercuric acetate. In short, the reaction was not catalytic. The molar ratio trial did raise the
question of what is attached to the mercury? The mercury atom starts as a divalent form.
Therefore, the chance of this changing in a significant way was rather low. It had been made
obvious through 1HNMR spectroscopy that the isoxazoline was connected to a mercury atom,
but it was unknown what was on the other binding site of the mercury. Another ligand should be
connected to the mercury to retain the divalent form.
The test run to determine what was binding to the mercury used 4e under standard
conditions to analyze the product, 5e. Using the hypothesis that the reaction was a simple ligand
exchange, there were two most probable products; a monomer containing the isoxazoline and a
remaining acetate, and the dimer containing both isoxazolines. These products are shown in
Figure 4.37.
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Figure 4.37
One of the Two Possible Dimers and Monomer Possible Product
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The other dimer would have opposite stereochemistry at the chiral atom within the
isoxazoline ring system.
To determine which of the two products was being produced under standard conditions,
X-ray fluorescence (XRF) spectroscopy was utilized. Before determining the percent mercury, a
qualitative study was done to ensure there was in fact mercury attached to the isoxazoline.
Shown in Figure 4.29, it was clear there was mercury in the sample. While XRF could not give a
crystal structure, this technique could calculate the percent mercury in comparison to the sample
size. Given the average percent found over three trials to be 40%, a decent conclusion could be
made that the product forming was the monomer.
Temperature trials were completed following the molar ratio trials. Because the other
trials were run at room temperature, it was not included specifically in this set of reactions. The
two temperatures used were 0 oC and 39 oC or a reflux. Because dichloromethane was used, the
increase in heat could not exceed the reflux temperature of 39 oC without the use of other
equipment. The temperature was not lowered below 0 oC due to the difficulty of dissolving all
reagents.
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The reactions were completed at either 0 oC or 39 oC under standard conditions. Both
temperatures did not affect the purity or completion of the reaction as seen in Figure 4.22 and
4.21. The success of the reactions heated or cooled brought forth the idea the reaction is not heat
sensitive. There was also no sign of degradation of the isoxazoline under the reflux conditions.
However, measuring degradation under heat should not be solely based on the conditions tested
in this reaction as the heat is not representative of any extreme conditions. Because 5e is a
crystal, the possibility of burning the crystal and changing the chemical makeup is a possibility.
The temperature trial measured only the temperature of the reaction, not necessarily the stability
of the product under extreme heat. This is particularly important as compounds 5 were stored in
a freezer and never subjected to extreme heat.
Because it was made evident by the XRF study, not only was there mercury present in the
compound, but the mercury was not removed from the isoxazoline. Demercuration is a common
reaction utilized to remove a mercury atom, particularly from carbon atoms. This reaction
primarily uses sodium borohydride in methanol. The demercuration was done using 5e at room
temperature for 15 minutes and seven hours. During this reaction the color change was indicative
of the completion. As the reduction was occurring, mercury metal was produced and precipitated
out as grey or black specks. The reaction seemed to be very dependent on the reaction time. Seen
in Figure 4.14, it appears to be a roughly equal mixture of the monomer and the isoxazoline
alone. At seven hours, seen in Figure 4.16, there is very little of the monomer still present. The
doublet of doublets at about 2.1-2.4 ppm and the multiplet at about 5.1 ppm correspond to the
monomer. These decrease significantly. The emergence of a new multiplet can be seen at about
4.8 ppm for the release of the isoxazoline from the mercury. The removal of the electron density
of the mercury atom causes a shielding effect which moves the original multiplet upfield.
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The goal of performing the demercuration was only to show it was effective, not
perfecting the reaction. For this reason, the reduction was not completed further and all products
were used without the removal of the mercury.
The optimized conditions were identified as room temperature, 30-minute reaction time,
dichloromethane, and a 1:1 oxime to mercuric acetate molar ratio. These conditions were also
referred to previously as standard conditions, however at this point of the research, the only
variable being manipulated was the start compound 4.
The reactions done to test the standard conditions on 4a-d were done in duplicate. All
duplicates showed identical results. Because 4e was used consistently throughout the other trials,
only one reaction was completed for the final trials. The percent converted for compounds 5 are
shown in Table 4.6. Important to note is the difference in definitions used for compounds 2-4 and
compounds 5. Compounds 2-4 were able to be purified and have the traditional percent yields
done. This being using the moles of the starting material and moles of the product to find the
percent yield. This was not possible with compounds 5. Purification techniques were unable to
be completed so percent yields could not be determined. Instead, the ratio of 4 to 5 were used to
determine how successful was the reaction at converting 4 to 5.
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Table 4.6
Percent Yields for 5a-e
Isoxazoline

Converted
%

5a

96

5b

96

5c

98

5d

99

5e

99

Starting with the analysis of 5a, 5c, and 5e, because there was no steric hindrance it was
to no surprise that the reaction was successful. There seem to be no detectable impurities and the
peaks indicative of the isoxazoline are sharp and clear.
The analysis of 5b and 5d brings up questions as to the effect of sterically hindering
groups. Because the oximation reaction showed a great decrease in yield with the introduction of
ortho- positioned groups, there was the expectation of seeing the same pattern during the
cyclization. To begin with 5d, the methoxy group has a larger molar volume than the methyl
group in 5b. Because of this, 5d should have shown more impurities and lower percent
conversion. However, what is seen in Figure 4.26 implies the same level of purity and success in
the reaction as the para- substituents. There are two hypotheses to explain this unexpected result.
The first is the fact steric hindrance may not play a role in the reaction. If steric hindrance plays
no role, then it is not surprising the reaction is just as successful as 5e.
The other hypothesis has more to do with electronic effects, but still has root in steric
hindrance. Grignard reactions are commonly done with ethers as solvents because the lone pairs
on the oxygen are able to stabilize, or solvate, the magnesium cation in Grignard reagents.
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Mercuric acetate has that in common being a divalent metal. The lone pairs on the methoxy
groups, which is really one big ether, may be stabilizing the mercury cation within the molecule
itself. Stabilization of the ion makes it far more reactive thus aiding the reaction even more than
being in the less sterically hindered site in 5e.
Because the methyl group is physically larger than the methoxy group and has no long
pairs to stabilize the mercury cation, it was assumed the reaction of 4b to 5b would not be as
successful. This reaction gave mixed results. Referring to Figure 4.24, there appears to be quite
the concentration of impurities. Specifically, this could be interpreted in the aromatic substituent
region from 6.1-7.4 ppm and the ring system from 2-2.5 ppm. There are a few important notes
regarding the large bands of peaks that would usually be interpreted as impurities. The methyl
group has the possibility of engaging in long distance coupling with signal a. Also, if there are
different orientations in which the methyl protons can exist, this will cause multiple shifts. There
is support for this theory because the multiple signals labeled h are the same integration ratios
and are similar distances apart. The signals in between the signals h are similar and of the same
multiplets. In terms of the aromatic region, the signals of the protons around the ring are
consistently close together in the spectra for 2b, 3b, and 4b. This has to do with similarity of the
signals seen for the benzene ring. There is evidence to suggest this compound is not impure at
all, the 5b just has multiple orientations the methyl group may appear causing an increase in
peaks for what should be one signal.
The standard conditions provided all compounds 5 in good purity. Steric hindrance
seemed to play some role, but more research is necessary to determine the full extent of the
hindrance when it comes to 5b.
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Discovery and Exploration
of Dimerization
The molar ratio trials unearthed an interesting aspect of the mercury-mediated
cyclization. When the molar ratio of mercuric acetate to oxime was changed, in particular when
the mercuric acetate was in catalytic quantities, the products changed significantly. Figure 4.18
and Figure 4.19 illustrate the products created when the molar ratio is 0.5:1 and 0.25:1 mercuric
acetate to oxime respectively.
Evidence for the dimer can be seen most easily in Figure 4.38 which is the blown-up
version of Figure 4.18.
Figure 4.38
Dimer and Monomer Peaks in 0.5:1 Mercuric Acetate to Oxime
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While the introduction of many new peaks was initially seen as impure product, closer
inspection revealed a clean mixture. The two sets of doublet of doublets at 2.85 and 2.40 ppm,
and 2.15 and 2.30 ppm are consistent with the monomer which can be seen in most other
1

HNMR spectra shown previously. The peak that is being overlapped by a peak characteristic of

the oxime at about 5ppm is also characteristic of the monomer. The doublet at 3.5 ppm is
characteristic of the oxime. The peaks labeled a-e refer to one side of the dimer, and peaks
labeled f-j refer to the other side of the dimer. The reason each side of the dimer shows as a
different set of peaks has to do with the orientation in which the dimer forms. The peaks
mentioned are diastereotopic, meaning a diasteromer is being formed in the dimer, thus
separating the signal. To note, the multiplets a and f are shifted downfield with the formation of
the dimer while the other labeled peaks are shifted upfield. Each set of doublet of doublets has
less of a deshielding effect by the mercury due to the “spreading out” of the electron density of
the mercury. With the decrease in deshielding for the doublet of doublets, the increase in
deshielding for signals a and f are greater, thus shifting the signals downfield.
Because the 0.25:1 mercuric acetate to oxime molar ratio appeared to increase the
concentration of the dimer formed, the hypothesis was made that heat may further favor the
dimer. The 0.5:1 mercuric acetate to oxime molar ratio was used in this temperature trial. The
reason 0.25:1 mercuric acetate to oxime was not used was the concern of concentration of oxime
being the cause of the dimerization prominence, not heat. The equal molar ratio already showed
under heated conditions the dimer was not formed. Because of this last fact, there was little
evidence to suggest heat would effect this reaction. In fact at a reflux, there was no change in the
dimer formation.
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As data were brought together, an odd trend was realized with the timed trials of the 0.5:1
mercuric acetate to oxime molar ratio. A trial was done at 15 minutes, six hours, and 48 hours.
These were three different reactions done at different times. Referring back to Figure 4.35, a
percentage of each compound could be discovered using the integration ratios of peaks that were
characteristic to only a specific molecule. Figure 4.18a shows the peaks that were used. The
doublet integrating for 2 was corrected to use as the ratio point for the other peaks. The second
and third integrated peaks were used in conjuction for 2 protons for the monomer. The last peak
integrated integrating for 2 for the dimer.
The intial graph created showed a trend that could not easily be explained. This graph can
be seen in Figure 4.39.
Figure 4.39
Initial Graph Representing Percentages of Three Compounds
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The decrease in monomer and dimer at six hours raised questions as to what was
happening in the reaction to cause a shift in the reaction. To investigate this further an
experiment was devised to control more variables than what is shown in the graph.
A 0.5:1 mercuric acetate to oxime molar ratio was used with dichloromethane at room
temperature over the course of 120 hours. About 4.7mmol 4e and 2.3mmol mercuric acetate was
dissolved in 50mL dichloromethane. As with the other reactions, a condensing column was
attached to limit the amount of solvent lost. This was particularly important in this experiment
because it was going for so many hours. At the beginning of the experiment, 1mL aliquots were
removed, rotary evaporated, and had a 1HNMR taken every few hours. Towards the end of the
experiment, a few samples were taken every 24 hours. The goal of the experiment was to aid in
answering the question of what is happening over the course of the reaction. Initial results were
difficult to read and raised more questions than answered. Figure 4.40 shows the first graph
created with the raw data.
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Figure 4.40
Raw Data from Duration Trial
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The spikes in concentration of the dimer seem to happen every 24 hours. There were a
few issues with reading these spikes. The room for error for integration ratios is 10%, this of
course could skew the results. More importantly was the fact every time the spike would happen
was two hours after the sample taken after a 24 hours period. An initial idea questioned whether
or not the reaction was photochemical. However, the reactions completed photochemically are
almost exclusively the reduction of Hg2+ to Hg0 in an aqueous environment. Also, there are
inconsistencies with this idea when looking at the stabilization of the concentrations from 30-36
hours as well as the seemingly miss of the consisten data point at 98 hours. Meaning, every 24
hours is an initial data point that aligns with the steady concentrations before having the spike.
This is not followed at 98 hours. This idea would have to be researched further to decide whether
or not there is a photochemical component.

98

Due to the ever growing questions regarding the initial data, a new graph was formulated
removing the data points that did not appear to follow any trend. The result is shown in Figure
4.41.
Figure 4.41
Corrected Data of Duration Trial
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Using the corrected data, the overall trend of the reaction is significantly easier to follow.
The monomer seems to be at a relatively steady concentration until 79 hours where there is a
drastic switch in concentration of the dimer and oxime. For about 70 hours there is a consistent
contration of the three compounds. Before ten hours and after 79 the oxime and dimer
concentration does a very large switch. These changes are most likely demonstrating an
equilibrium between the oxime and dimer. Most likely, as the amount of dichloromethane
decreases, thus increasing the concentration of compounds in solution, the more likely the dimer
is to form. This only partly describes the change in equilibrium at 79 hours. The change is quite
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large where the expectation would be for a gradual change. Experiments investigating the effects
of solvent concentrations would need to be performed to determine if that variable is what causes
the equilibrium shift. More importantly, the experiment was completed once on a single sample.
The data can not be trusted completely as the experiment has not been replicated.
The duration experiment brought up a final question. Why does the monomer
predominate in almost all situations? Even with catalytic quanities, the monomer was still
present. In fact, the only reaction where the monomer did not predominate was the 0.25:1
mercuric acetate to oxime molar ratio. This means, the only conditions capable of predominating
the dimer was the significant decrease in mercuric acetate. The first idea was the strength of the
bonds between the second acetate ligand and the mercury. If the addition of the isoxazoline
ligand strengthened the acetate-mercury bond, then the ligand substitustion would be more
difficult for the second acetate. A more likely scenario can be brought back to undergraduate
inorganic chemistry and the basics of concentrations effects. Figure 4.42 shows this overview.
Figure 4.42
General Ligand Substitustion Equilibriums
𝑀
𝑀𝐿

𝐿 ⇌ 𝑀𝐿
𝐿 ⇌ 𝑀𝐿
This is the most probable reason for the favoring of the monomer in nearly all reactions.

If there is not enough of the oxime, there is not enough to do the second ligand substitustion seen
in line two of Figure 4.42.
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The dimer was able to form when the moles of the mercuric acetate was lower than that
of the oxime. In theory, based on the results currently provided, the lowering of the mercuric
acetate could force the dimer entirely but would leave significants amount of oxime.

101

CHAPTER V
CONCLUSION
The four-step synthesis to prepare a series 2-isoxazolines was successful. In the final step
of that synthesis, 4a-e was converted to the corresponding 5a-e was synthesized in good yield.
As discussed below, the electronic and steric effects showed positive and negative effects in the
oximation and cyclization reactions. Optimized conditions for the mercury cyclization were
achieved through trials where the solvent, reaction time, temperature, and the molar ratio of
mercuric acetate to oxime were adjusted.
The yields of the first and second steps in the overall synthesis, the Grignard and
oxidation reactions, were not impacted by any steric and electronic effects. Compounds 2 and 3
were produced in moderate to good yield with high purity as determined by NMR spectroscopic
methods.
The third step in the synthesis, the oximation of the unsaturated ketone, did not appear to
be impacted by the electronic effects of substitution on the benzene ring. However, it was
affected by steric hindrance in forming the syn- or anti-oxime. The anti-oxime was highly
favored as the molar volume of the substituted benzene ring was greater than the alkyl chain.
This effect was heightened when an ortho- substituent was used. The additive effects of the lone
pair of electrons on the ortho- positioned methoxy group resulted in the preference for the antioxime, but the overall yield of the reaction suffered. The para- substituents did not affect the
yield of the product of the reaction.
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The conditions in which the oximation was carried out were crucial. If the pH of the
reaction mixture rose above about 5.2 or dropped below 5.2, an unintended product was
produced. The higher pH formed an isoxazoline while the lower pH shifted the terminal double
bond to the conjugated position. The length of reflux time was also an important variable to
control as the longer the reflux time, the more likely the conjugated double bond product would
predominate.
In the final step of the synthesis, the mercury-mediated cyclization to produce compound
5, a number of variables were tested. Five solvents underwent trials to determine the one able to
yield the purest product in the greatest yield. Tetrahydrofuran, acetonitrile, N,Ndimethylformamide, methanol, and dichloromethane were tested. While all solvents accept for
methanol were successful in producing the product, dichloromethane was the easiest to use,
easiest to remove by rotary evaporation, and the residual solvent did not overlap with key signals
in the proton NMR spectrum of the product.
The timed trials gave some of the most intriguing results. The times tested began at 18
hours and worked down to 90 seconds. The reaction did not appear to be sensitive to reaction
time as purity and yield were identical regardless of the reaction time. Because the reaction
seemed to be nearly immediate, the introduction or removal of heat was not expected to make
much of a difference. Two temperatures were tested other than room temperature. Due to the low
boiling point of dichloromethane, only reflux (39 oC) and 0 oC were explored in the cyclization.
As expected, the addition and removal of heat did not affect the reaction. There were no side
products or incomplete conversion of 4 to 5 at any of the temperatures examined.
Previous research suggested the formation of the dimer, so when less than molar
equivalents of mercuric acetate was used with 4, it was no surprise that the dimer was formed.
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Spectral data supported the dimerization hypothesis with the appearance of additional doublet of
doublets that could be explained most easily given the dimer structure. The investigation of
molar ratios involved the use of 0.5:1 and 0.25:1 mercuric acetate to oxime. The amount of
dimerization seemed to be reliant on the ratio of mercury salt to oxime . The less mercuric
acetate used, the more favorable the dimer became. An elevated temperature did not change the
products of the reaction. In the case of 0.5:1 mercuric acetate to oxime, a duration trial was done
to monitor the progress of dimerization over the course of 120 hours. The monomer seemed to be
favored consistently over time. The dimer and oxime were in equilibrium through the 120 hours.
While the presence of mercury in the structure of 5 was assumed, this was confirmed
with the use of X-ray fluorescence (XRF). A qualitative test was done to prove the presence of
mercury and a quantitative test was done to show the product formed in a molar equivalent
reaction. Using mercury percentages given by the XRF data, it was confirmed the monomer was
the predominant species when using a molar equivalent amount of mercuric acetate and 4. This
also confirmed the identity of the other ligand on the mercury; acetate.
To determine if the mercury could be removed from the cyclized product, a
demercuration reaction was completed on the crude reaction mixture using sodium borohydride
and methanol. This reaction was time dependent. The demercuration was successful at removing
the mercury from the monomer and leaving the product as the corresponding methyl isoxazoline.
The byproduct of the demercuration was mercury metal that precipitated from the reaction. This
reaction was not performed on the 0.5:1 and 0.25:1 mercuric acetate to oxime molar ratios
though it is anticipated the results would be the same.
With the optimized conditions found, 4a-d were subjected to the cyclization protocol that
worked best. These optimized conditions were dichloromethane at room temperature for 30
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minutes with a molar equivalent amount of mercuric acetate. Due to the fact ortho- substituents
had a negative effect on the formation of 4e, it was hypothesized these same negative effects
would be seen on the cyclization to 5e. In 4a and 4c no negative effects were seen based on the
substituents, most likely due to the para- position being too far away from the reaction center to
have any effect. However, in 4b and 4d containing the ortho- substituents, there were significant
differences. Compound 4b showed high levels of a mixture of products, though it appeared to be
shifting in the methyl group, not necessarily impurities. Compound 4d showed an unexpected
purity as the lone pairs of the oxygen possibly stabilized the mercury as it performed the
cyclization. Each of the cyclizations to form 5 were successful in producing the expected
isoxazolines bound to a mercury as a monomer.
The synthesis of 2-isoxazolines from β,γ-unsaturated oximes was successful for all
substituents and positions tested. The monomer predominated in most circumstances and the
reaction was not heat, time, or air sensitive. More work can be done to further investigate the
dimerization, isolation, and characterization. Only 5b was an oil, meaning with appropriate
crystallization, it may be possible to grow a sufficiently large crystal in order to perform
crystallography on 5a, 5c, 5d, and 5e. This would provide more insight on the crystal structure
formed with the mercury, and further confirm the nature of the ligand.
In addition to examining the crystal structure of the products (5) of the cyclization, there
are other suggestions for future work. For example, the duration trial should be duplicated while
controlling additional variables to fully understand why the equilibrium shifts in the reaction
after so many hours. Additionally, while demercuration was successful, the technique needs to be
perfected and must be tested on the dimer to ensure purity can be achieved removing the
mercury. Finally, the long-term goal is the use of this mercury-mediated reaction in drug
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development. Therefore, examining a scale-up process to verify the conditions continue to work
well and testing the functional group tolerance will be important advancements.
The research completed in this project lays important groundwork for the cyclization to
2-isoxazolines using mercuric acetate. Mercury chemistry is an important facet of organometallic
chemistry that is commonly avoided. This research outlines the intrigue and utility of mercury
compounds in cyclizations.
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APPENDIX
EXPERIMENTAL
Benzaldehyde and derivatives were commercially available. To ensure purity,
benzaldehyde and derivatives had 1HNMR (proton nuclear magnetic resoance)’s taken first.
Compounds 2-5 were kept in the freezer until use. Due to the rapid degradation of 3a-e, the
oximation reaction was completed within seven days of 3a-e being synthesized. Compounds 5ae were stored in a freezer separately to reduce the risk of contamination.
Synthesis of β,γ-unsaturated Oximes
General method for the synthesis of alcohols, 2a-e.
A rubber septum was used to stopper an oven dried 250mL round bottom flask. An inert
atmosphere was achieved using a schlenk line and argon gas. Using an oven dried needle and
plastic syringe, 100mL anhydrous tetrahydrofuran was added. Using another oven dried needle
and plastic syringe, 36.7mmol benzaldehyde or benzaldehyde derivative was added. With a final
oven dried needle and plastic syringe, 40.4mmol 1.7M allylmagnesium bromide solution was
added over the course of 30 minutes. The reaction was left to stir for one hour. After the one
hour, the rubber septum and argon were removed. Then, 75mL deionized water was added. The
contents of the round bottom flask were transferred to a 250mL separatory funnel. The mixture
was washed once with 50mL deionized water then extracted twice with 20mL ethyl acetate. The
organic layer was washed with 20mL deionized water, 10mL brine solution, then a final 20mL
deionized water. The organic layer was dried over magnesium sulfate in a beaker then gravity
filtered to a 100mL round bottom flask and rotary evaporated to near dryness. With ethyl acetate
the product was quantitatively transferred to a tarred vial then rotary evaporated to dryness. The
result was a light yellow to deep red oil.
1-phenyl-3-buten-1-ol, 2a:

No purification was necessary. A light-yellow oil was produced with a mass of 4.164g and a
99% yield. 1HNMR (400 MHz, CDCl3): δ 7.29 (m, 5H), 5.84 (m, 1H, J1=10.4 Hz, J2=3.6 Hz,
J3=4.0 Hz), 5.18 (dd, 2H, J1=10.4 Hz, J2=3.6 Hz), 7.50 (dd, 2H, J=7.2 Hz), 5.37 (t, 2H, J=4.0
Hz). 13CNMR (400 MHz, CDCl3): δ 144.0, 134.6, 128.5, 127.6, 126.0, 118.3, 73.5, 43.8.
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1-(2-methylphenyl)-3-buten-1-ol, 2b:

No purification was necessary. A red oil was produced with a mass of 1.360g and a 50% yield.
1
HNMR (400 MHz, CDCl3): δ 7.59 (d, 1H, J=7.6Hz), 2.73 (d, 1H, J1=7.6 Hz, J2=6.8 Hz), 7.22 (t,
1H, J1=7.6 Hz, J2=7.2 Hz), 7.18 (d, 1H, J=7.2 Hz), 5.90 (m, 1H, J1=15.9 Hz, J2=9.2 Hz), 5.21
(dd, 2H, J1=15.9 Hz, J2=9.2 Hz), 5.00 (dd, 1H, J=4.4 Hz), 2.49 (t, 2H), 2.38 (s, 3H), 2.11 (s, 1H).
13
CNMR (400 MHz, CDCl3): δ 142.1, 134.9, 134.4, 130.4, 127.3, 126.3, 125.3, 118.2, 69.7,
42.7, 19.1.
1-(4-methylphenyl)-3-buten-1-ol, 2c:

No purification was necessary. A red oil was produced with a mass of 2.777g and a >99% yield.
1
HNMR (400 MHz, CDCl3): δ 7.29 (d, 2H, J=7.7Hz), 7.2 (d, 2H, J=7.9Hz), 5.85 (m, 1H, J1=16.9
Hz, J2=9.3 Hz, J3=6.8 Hz), 5.18 (dd, 2H, J1=16.9 Hz, J2=9.3 Hz), 4.71 (t, 1H, J=6.5 Hz), 4.62 (s,
1H), 2.54 (t, 2H, J=6.8), 2.41 (s, 1H). 13CNMR (400 MHz, CDCl3): δ 141.1, 137.2, 134.7, 129.2,
125.9, 118.1, 73.3, 43.8, 21.2.
1-(2-methoxyphenyl)-3-buten-1-ol, 2d:

No purification was necessary. A dark red oil was produced with a mass of 1.825g and a 70%
yield. 1HNMR (400 MHz, CDCl3): δ 7.37 (d, 1H, J=7.6 Hz), 7.28 (dd, 1H, J1=8.4 Hz, J2=7.6),
7.00 (t, 1H, J1=7.6 Hz, J2=7.2 Hz), 6.91 (d, 1H, J=8.4 Hz), 5.89 (m, 1H, J1=16.8 Hz, J2=10.0 Hz,
J3=4.8 Hz), 5.15 (dd, 2H, J1=16.8 Hz, J2=10.0 Hz), 4.99 (dd, 1H, J=4.8 Hz), 3.88 (s, 3H), 2.59 (s,
1H), 2.53 (t, 2H, J=6.8). 13CNMR (400 MHz, CDCl3): δ 156.4, 135.3, 131.8, 128.3, 126.8,
120.71, 117.6, 110.4, 69.7, 55.3, 41.9.
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1-(4-methoxyphenyl)-3-buten-1-ol, 2e:

No purification was necessary. A light-yellow crystal was produced with a mass of 2.607g and a
>99% yield. 1HNMR (400 MHz, CDCl3): δ 7.30 (d, 2H, J=8.7Hz), 6.90 (d, 2H, J=8.7Hz), 5.85
(m, 1H, J1=12.8 Hz, J2=7.2 Hz, J3=6.8 Hz), 5.16 (dd, 2H, J1=12.8 Hz, J2=7.2 Hz), 4.69 (t, 1H,
J1=6.4 Hz, J2=6.5 Hz), 3.82 (s, 3H), 2.51 (t, 2H, J=6.8), 2.18 (s, 1H). 13CNMR (400 MHz,
CDCl3): δ 159.0, 136.2, 134.3, 127.2, 118.0, 113.8, 73.1, 55.3, 43.7.
General method for the synthesis of ketones, 3a-e.
To a 500mL round bottom flask, 77.5mmol pyridinium chlorochromate was added. Then, 75.1g
magnesium sulfate was added. To completely cover both solids, 225mL dichloromethane was
added. When the mixture was homogenous with rapid stirring, 36.9mmol alcohol was added
quickly and directly to the center. The solution went from a bright orange to a dark brown. The
reaction stirred for two hours. At the end of this period, 200mL diethyl ether was added and
stirred briefly. The solution was poured over a 1:1 mixture of Florisil and silica gel through a
coarse fritted funnel with suction filtration. The filtrate was poured into a 250mL round bottom
flask and rotary evaporated to near dryness. The product was quantitatively transferred with
diethyl ether to a tarred vial and rotary evaporated to dryness. The result was a dark yellow oil.
1-phenyl-3-buten-1-one, 3a:

No purification was necessary. A light-yellow oil was produced with a mass of 1.839g and a
65% yield. 1HNMR (400 MHz, CDCl3): δ 7.99 (d, 2H, J=7.5Hz), 7.59 (t, 1H, J1=7.6 Hz, J2=7.2
Hz), 7.49 (t, 2H, J=7.6 Hz), 6.12 (m, 1H, J1=11.6 Hz, J2=6.7 Hz, J3=6.7 Hz), 5.26 (dd, 2H,
J1=11.6 Hz, J2=3.6 Hz), 3.79 (d, 2H, J=6.7).
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1-(2-methylphenyl)-3-buten-1-one, 3b:

No purification was necessary. A yellow oil was produced with a mass of 1.443g and a 71%
yield. 1HNMR (400 MHz, CDCl3): δ 7.68 (d, 1H, J=7.8 Hz), 7.39 (t, 1H, J=7.4 Hz), 7.29 (d, 1H,
J=7.4 Hz), 7.28 (t, 1H, J=8.0 Hz), 6.07 (m, 1H, J1=15.6 Hz, J2=6.8 Hz, J3=1.5 Hz), 5.21 (dd, 2H,
J1=15.6 Hz, J2=1.5 Hz), 3.71 (d, 2H, J=6.8 Hz), 2.53 (s, 3H).
1-(4-methylphenyl)-3-buten-1-one, 3c:

No purification was necessary. A dark yellow oil was produced with a mass of 1.662g and a 78%
yield. Spectral data unknown.
1-(2-methoxyphenyl)-3-buten-1-one, 3d:
H3C

O

O

No purification was necessary. A light-yellow oil was produced with a mass of 0.279g and a
56% yield. 1HNMR (400 MHz, CDCl3): δ 7.72 (dd, 1H, J1=7.7 Hz, J2=1.7 Hz), 7.48 (t, 1H, J=8.7
Hz), 7.48 (d, 1H, J=13.9 Hz), 7.00 (t, 1H, J1=9.2 Hz, J2=8.5 Hz), 6.08 (m, 1H, J1=18.5 Hz, J2=8.8
Hz, J3=6.8 Hz), 5.17 (dd, 2H, J1=18.5 Hz, J2=8.8 Hz), 3.93 (s, 3H), 3.78 (d, 2H, J=6.8).
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1-(4-methoxyphenyl)-3-buten-1-one, 3e:

No purification was necessary. A light-yellow crystal was produced with a mass of 0.181g and a
36% yield. 1HNMR (400 MHz, CDCl3): δ 7.95 (d, 2H, J=8.9Hz), 6.94 (d, 2H, J=8.9Hz), 6.08 (m,
1H, J1=17.6 Hz, J2=9.9 Hz, J3=6.8 Hz), 5.21 (dd, 2H, J1=17.6 Hz, J2=9.9 Hz), 3.87 (s, 3H), 3.71
(d, 2H, J=6.8). 13CNMR (400 MHz, CDCl3): δ 196.6, 163.5, 132.0, 131.5, 130.6, 129.6, 118.5,
113.8, 65.9, 55.5, 43.2.
General method for the synthesis of oximes, 4a-e.
To a 25mL round bottom flask 7.1mmol ketone was added. To a small beaker, 8mL methanol
and 8mL deionized water was added. To the small beaker 42.7mmol hydroxylamine
hydrochloride and 56.9mmol sodium acetate trihydrate was added. This mixture was stirred until
homogenous and added to the round bottom flask. A total of 5 more mL of methanol and 5 more
mL of deionized water was used to wash the remaining contents of beaker into the round bottom
flask. A reflux condenser was placed on the round bottom flask. Once the solution reached a
reflux, a timer was set for 10 minutes. After the reaction time, the solution was cooled to room
temperature then transferred to a 125mL separatory funnel. The solution was washed once with
20mL deionized water then extracted twice with 10mL ethyl acetate. The organic layer was
washed with 20mL deionized water, 10mL brine solution, then a final 20mL deionized water.
The organic layer was dried over magnesium sulfate in a beaker then gravity filtered to a 50mL
round bottom flask and rotary evaporated to near dryness. With ethyl acetate the product was
quantitatively transferred to a tarred vial then rotary evaporated to dryness. The result was a light
yellow oil or crystal.
1-phenyl-3-buten-1-one oxime, 4a:

No purification was necessary. A light yellow oil was produced with a mass of 0.057g and a 37%
yield. 1HNMR (400 MHz, CDCl3): δ 7.69 (dd, 2H, J1=7.8 Hz, J2=5.9 Hz), 7.44 (m, 3H), 5.23 (m,
1H, J1=22.8 Hz, J2=15.8 Hz, J3=6.2 Hz), 5.19 (dd, 2H, J1=22.8 Hz, J2=15.8 Hz), 3.64 (d, 2H,
J=6.2 Hz), 2.07 (s, 1H).
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1-(2-methylphenyl)-3-buten-1-one oxime, 4b:

No purification was necessary. A light-yellow oil was produced with a mass of 0.424g and a
45% yield. 1HNMR (400 MHz, CDCl3): δ 8.43 (s, 1H), 7.24 (m, 4H), 5.86 (m, 1H), 5.14 (m,
2H), 3.51 (d, 2H, J=6.8 Hz), 3.26 (d, 2H, J=7.1), 2.35 (m, 3H).
1-(4-methylphenyl)-3-buten-1-one oxime, 4c:

No purification was necessary. A light-yellow oil was produced with a mass of 2.249g and a
89% yield. 1HNMR (400 MHz, CDCl3): δ 8.15 (s, 1H), 7.54 (d, 2H, J=8.0Hz), 7.22 (d, 2H, J=8.0
Hz), 5.97 (m, 1H, J1=17.2 Hz, J2=16.8 Hz, J3=10.0 Hz), 5.16 (ddd, 2H, J1=17.2 Hz, J2=16.8 Hz,
J3=10.0 Hz), 3.62 (d, 2H, J=6.4 Hz), 2.40 (s, 3H).
1-(2-methoxyphenyl)-3-buten-1-one oxime, 4d:
H3C

O

NOH

No purification was necessary. A light-yellow oil was produced with a mass of 0.538g and a
40% yield. 1HNMR (400 MHz, CDCl3): δ 8.48 (s, 1H), 7.36 (t, 1H, J=7.9Hz), 7.30 (dd, 1H,
J1=7.5 Hz, J2=7.6 Hz), 6.97 (t, 1H, J=7.6 Hz), 6.93 (d, 1H, 8.3), 5.85 (m, 1H, J1=17.0 Hz, J2=10.6
Hz, J3=6.7 Hz), 5.07 (dd, 2H, J1=17.0 Hz, J2=10.6 Hz), 3.85 (s, 3H), 3.59 (d, 2H, J=6.7 Hz).
1-(4-methoxyphenyl)-3-buten-1-one oxime, 4e:

No purification was necessary. A light-yellow crystal was produced with a mass of 0.086g and a
78% yield. 1HNMR (400 MHz, CDCl3): δ 8.12 (s, 1H), 7.61 (d, 2H, J=8.8Hz), 6.93 (d, 2H, J=8.8
Hz), 5.97 (m, 1H, J1=28.7 Hz, J2=28.5 Hz, J3=21.7 Hz, J4=21.5 Hz, J5=6.1 Hz), 5.16 (ddd, 2H,
J1=28.7 Hz, J2=28.5 Hz, J3=21.7 Hz, J4=21.5 Hz), 3.85 (s, 3H), 3.61 (d, 2H, J=6.1 Hz).
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Synthesis of 2-isoxazolines
General method for the synthesis of 2-isoxazoline, 5a-e.
To a 15mL round bottom flask, a small stir bar and 0.424mmol oxime was added. Then, 4mL
dichloromethane was added. When the oxime is full dissolved or combined, 0.424mmol mercury
acetate was added. A reflux condenser was attached without the flow of water and the reaction
was left to sit for 30 minutes. At the end of the reaction time the round bottom was rotary
evaporated to dryness. Using 3mL dichloromethane and 3mL deionized water, the contents of
the round bottom flask were rinsed into a 125mL separatory funnel. The mixture was washed
twice with 10mL deionized water. The aqueous layer was then extracted twice with 5mL
dichloromethane. The organic layers were washed with 20mL deionized water. The final organic
layer was dried over magnesium sulfate and gravity filtered to a 25mL round bottom flask. The
round bottom flask was rotary evaporated to dryness. The result was a white crystal. Nuclear
magnetic resonance tubes were prepared by adding 400µL deuterated chloroform directly to the
round bottom flask containing the crystals. When all crystals that were able to dissolve were
dissolved, 300µL of this solution were put into a tube. Another 100µL pure deuterated
chloroform was added to the tube to ensure the sample is not too concentrated. Mass of product
and percent yields were not determined as isolation procedures were not possible.
3-phenyl-5-methylene-2-isoxazoline mercuric acetate, 5a:

No purification was necessary. A light-yellow crystal was produced. 1HNMR (400 MHz,
CDCl3): δ 7.56 (dd, 2H, J1=7.6 Hz, J2=5.6 Hz), 7.33 (m, 3H), 5.02 (m, 1H, J1=16.6 Hz, J2=9.9
Hz, J3=7.7 Hz, J4=6.6 Hz, J5=6.2 Hz), 3.44 (dd, 1H, J1=16.6 Hz, J2=9.9 Hz), 2.90 (dd, 1H, J=7.7
Hz), 2.31 (dd, 1H, J=6.2 Hz), 2.19 (dd, 1H, J=6.6 Hz), 1.94 (s, 3H). 13CNMR (400 MHz,
CDCl3): δ 177.2, 156.8, 130.3, 129.4, 128.8, 126.7, 80.3, 43.3, 31.1, 22.9.

123

3-(2-methylphenyl)-5-methylene-2-isoxazoline mercuric acetate, 5b:

No purification was necessary. A light yellow oil was produced. 1HNMR (400 MHz, CDCl3): δ
7.18 (m, 5H), 4.95 (m, 1H, J1=16.5 Hz, J2=10.8 Hz, J3=9.9 Hz, J4=8.8 Hz), 3.48 (dd, 1H, J1=16.5
Hz, J2=9.9 Hz), 2.93 (dd, 1H, J=7.6 Hz), 2.40 (dd, 1H, J1=10.8 Hz, J2=8.8 Hz), 2.47 (s, 3H), 2.33
(s, 3H), 2.09 (s, 3H), 1.97 (s, 3H). 13CNMR (400 MHz, CDCl3): δ 176.9, 157.8, 148.6, 138.0,
136.8, 131.6, 130.9, 129.9, 129.5, 128.9, 126.3, 125.8, 79.2, 45.8, 22.9, 21.9, 19.6.
3-(4-methylphenyl)-5-methylene-2-isoxazoline mercuric acetate, 5c:

No purification was necessary. A white crystal was produced. 1HNMR (400 MHz, CDCl3): δ
7.45 (d, 2H, J=8.0 Hz), 7.12 (d, 2H, J=7.92 Hz), 4.99 (m, 1H, J1=16.4 Hz, J2=9.8 Hz, J3=7.5 Hz,
J4=5.9 Hz, J5=6.5 Hz), 3.42 (dd, 1H, J1=16.6 Hz, J2=9.9 Hz), 2.88 (dd, 1H, J1=16.6 Hz, J2=7.7
Hz), 2.30 (s, 3H), 2.18 (dd, 1H, J=6.4 Hz), 1.97 (s, 3H). 13CNMR (400 MHz, CDCl3): δ 176.9,
156.8, 140.5, 129.4, 126.7, 80.1, 53.5, 43.4, 31.1, 22.0, 21.5.
3-(2-methoxyphenyl)-5-methylene-2-isoxazoline mercuric acetate, 5d:

No purification was necessary. A white crystal was produced. 1HNMR (400 MHz, CDCl3): δ
7.59 (d, 1H, J=7.6 Hz), 7.31 (t, 1H, J1=7.9 Hz, J2=7.7 Hz), 6.90 (t, 1H, J=7.6 Hz), 6.86 (d, 1H,
J=8.4), 4.98 (m, 1H, J1=17.3 Hz, J2=9.8 Hz, J3=7.3 Hz, J4=6.0 Hz), 3.78 (s, 3H), 3.51 (dd, 1H,
J1=17.3 Hz, J2=9.8 Hz), 3.00 (dd, 1H, J1=17.3 Hz, J2=7.3 Hz), 2.28 (dd, 1H, J=6.0 Hz), 2.20 (dd,
1H, J=6.0 Hz), 1.98 (s, 3H). 13CNMR (400 MHz, CDCl3): δ 176.8, 157.5, 156.6, 131.5, 129.4,
120.9, 118.6, 111.4, 80.1, 55.5, 46.1, 30.9, 22.5.
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3-(4-methoxyphenyl)-5-methylene-2-isoxazoline mercuric acetate, 5e:

No purification was necessary. A white crystal was produced. 1HNMR (400 MHz, CDCl3): δ
7.52 (d, 2H, J=8.7 Hz), 6.85 (d, 2H, J=8.7 Hz), 5.01 (m, 1H, J1=16.4 Hz, J2=9.8 Hz, J3=7.5 Hz,
J4=5.9 Hz, J5=6.5 Hz), 3.77 (s, 3H), 3.44 (dd, 1H, J1=16.4 Hz, J2=9.8 Hz), 2.86 (dd, 1H, J1=16.4
Hz, J2=7.5 Hz), 2.33 (dd, 1H, J=5.9 Hz) 2.20 (dd, 1H, J1=6.5 Hz, J2=6.2 Hz), 1.99 (s, 3H).
13
CNMR (400 MHz, CDCl3): δ 171.5, 161.1, 156.4, 128.2, 122.0, 114.2, 80.0, 55.4, 53.5, 43.5,
31.2, 23.5.

